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CHAPTER 1 


Clinical Assessment of the Newborn, 
Infant and Older Child 


Nalin Gupta and Heather J. Fullerton 


Introduction 

While the adult neurological examination can be applied to young children and 
adolescents, the evaluation of a newborn or infant must be tailored to the specific 
developmental stage of the patient. A quick assessment of an infant’s acquisition of 
developmental milestones provides critical insight into that child’s motor and cog- 
nitive functions (Tables 1 and 2). For premature infants, developmental progress is 
accompanied by the acquisition of basic motor postures and responses that should 
be documented as part of the routine physical examination. 


Neurological Assessment of the Neonate (<1 Month) 
History 


A complete history should include the following items: 

e Exact age of the neonate in days. Gestational age (GA) at birth. Age of 
the mother. Pregnancy history of the mother (GPA: gravida, partuition, 
abortions). 

¢ Important events during pregnancy such as fever, infections, bleeding, 
toxic exposures (e.g., drugs, medications, ethanol), fetal movements, level 
of prenatal care, results of prenatal laboratory tests, and whether an infer- 
tility evaluation was required prior to pregnancy. 

¢ Delivery: Timing of rupture of membranes (ROM) prior to delivery, vagi- 
nal or cesarean delivery, and if assistance was required (vacuum or for- 
ceps), birth weight, Apgar scores (at 1, 5 and 10 minutes), and whether 
resucsitation was required after delivery. 

¢ Perinatal course: Usually obtained from parents or from nursery staff. Im- 
portant points include feeding (Breast feeding well? Poor nippler? Requires 
gavage feeds?), sleep/wake cycles (Normal sleep wake cycle? How much 
time in a day does the baby spend awake? Does the baby wake for feeding 
or does the baby have to be woken to feed?), crying (vigorous/weak/none) 
and spontaneous movements (vigorous/paucity of movement/none). 

¢ Family history: Seizures (Neonatal? What age at onset?), mental retarda- 
tion, miscarriages, infant deaths, other babies who were floppy, failed to 
thrive, or were dysmorphic, or consanguinity. 
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Table 1. Normal development of the preterm infant 





Age (weeks) 


Features 





<26 


26 


28 


32 


34 


36 
38 - term 


Blinks to light (although eyelids are often fused) 
Symmetric facial movements (e.g., grimace, cry) 
Lies in an extended posture 
Little or no resistance to passive movement 
No capacity for head control 


Eyelids begin to open 
Pupillary response absent 
Extended posture 


Pupillary response can be detected 
Tone noted in extremities 


Sucking reflex begins, although sucking and swallowing are 


not coordinated 


Sucking coordinated with swallowing 
Head control noted 


Adduction component of Moro reflex noted 


Eye opening, visual fixation, pupillary response 
Lies with all four extremities flexed 

Does not slip through hands when held 
Displays automatic ‘standing’ and ‘stepping’ reflexes when 


held upright 





Table 2. Developmental milestones 








Age Language Gross Motor Fine Motor Social 
Newborn vocalizes equal n/a regards face 
movements 
2 months coos (ooh, ah) head control hands together — social smile 
4 months laughs/squeals rolls over reaches for toy n/a 
6 months imitate speech sits w/o raking grasp feeds self 
sounds support 
8-10 months — babbling pulling pincer grasp indicates 
to stand wants 
12 months first word walking puts object play ball 
in cup 
15 months 2-5 word walking well scribbling drinking 
vocabulary from cup 
2 years combining 2 jumping 4-6 cube dresses w/ 
words tower help 
3 years combining 3 balance 1 foot copy circle plays board 
words 1 second games 
4 years speech all hopping copy cross dress w/o 


understandable 


help 
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Figure 1. Normal head circumference charts for girls (A) and boys (B, shown on the 
following page) for the first 36 months of life based on the National Center for 
Health Statistics percentiles. Note the dramatic increase in head circumference in 
the first year of life. 


General Examination 

General. Record head circumference (HC, see Fig. 1 for normal percentiles), 
length and weight. Measurements should be corrected for gestational age in prema- 
ture infants. Record both birth and current weight, as newborns lose 10% of their 
birth weight during the first week of life. Head circumference during the first year of 
life can be approximated by: 
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Figure 1, continued. 


[(Length in cm )/2] + 9.5 = mean HC for that length 
(mean HC +/- 2.5 cm approximates 2 standard deviations) 


Head and neck. Assess the anterior fontanelle as a direct measure of intracranial 
pressure. Although craniosynostosis may not be apparent at birth, abnormalities of 
head shape should be noted. Dysmorphic features such as short or down-slanting 
palpebral fissures, mid-face hypoplasia (flattened nasal bridge, wide set eyes), smooth/ 
long/short philtrum, low-set/malformed ears, or high/cleft palate should be specifi- 
cally assessed. 





Clinical Assessment of the Newborn, Infant and Older Child 





Table 3. Coma scales for adults (and older children) and infants 





Glasgow Coma Scale 


Alternate Scale 











(GCS) for Infants 
Best 
Category Activity Activity Response 
Eye opening Spontaneous Spontaneous 4 
To speech To sound 3 
To pain To pain 2 
None None 1 
Verbal Oriented Coos, babbles 5 
Confused Irritable 4 
Inappropriate words Cries to pain 3 
Incomprehensible sounds Moans to pain 2 
None None 1 
Motor Follows commands Normal spontaneous movement 6 
Localizes pain Withdraws to touch 5 
Withdraws to pain Withdraws to pain 4 
Abnormal flexion Abnormal flexion 3 
Abnormal extension Abnormal extension 2 
None None 1 





Abdomen and back. Assess for organomegaly. Examine the entire midline from 
nasion to coccyx for dimples, tufts of hair, hemangiomas and/or lipomas. Small 
dimples in the midline may be very subtle but should prompt additional investiga- 
tion. Coccygeal dimples are an exception to this rule. 

Skin and extremities. Record manifestations of syndromic conditions, such as 
café-au-lait spots, axillary freckling, large cutaneous hemangiomas, dysmorphic hands/ 
feet, or arthrogryposis (congenital contractures of arms/legs, suggests fetal move- 
ments reduced in utero). 


Neurological Examination 
Mental status. Note whether the baby is alert and cries (weakly or vigorously); eye 
opening (spontaneously, or in response to sound, light or deep tactile stimulation, or 
noxious stimuli); and whether the infant stays awake for seconds/minutes after stimu- 
lation. It is important to be aware that the newborn exam changes significantly with 
gestational age. For infants with a reduced level of consciousness, an alternate coma 
scale based on the standard Glasgow Coma Scale (GCS) is available (Table 3). 
Cranial nerves 
I—Olfaction cannot be reliably assessed in the newborn. 
1—Consists of the fundoscopic exam and pupillary reaction to light (consis- 
tent by 32-35 weeks GA). A newborn will blink to light at 26 weeks GA; 
persistent eye closure to light occurs at 32 weeks GA; fixing and following 
objects (especially red objects) occurs at 38 weeks GA. Opticokinetic nys- 
tagmus is present at term. Visual acuity is 20/150 at full term. 
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III, IV, VI—Extraocular eye movements can be assessed by examining the 
infant’s intermittent visual fixation, as well as by examination of brain- 
stem reflexes. The doll’s eyes reflex (horizontal reflex easily elicited with 
gentle turns of head) is present by 25 weeks GA. Dysconjugate gaze at 
rest is normal in the first months of life, and spontaneous roving eye 
movements appear by 32 weeks GA. 

V—The corneal reflex can be used to assess the first division (V1) of the 
trigeminal nerve. Tickling the nostril with a cotton swab specifically stimu- 
lates the second division of the trigeminal nerve. 

VI—Vertical width of the palpebral fissure, prominance of the nasolabial 
folds, and facial movements during crying can all be observed. 

VIII—At 28 weeks GA, an infant should startle or blink to noise. As an 
infant matures, the response is more subtle. 

IX, X—The gag reflex can be tested, and palatal elevation is observed when 
the infant is crying. Sucking requires cranial nerves V, VIL, IX, X and XII, 
and is usually present by 28 weeks GA. 

XI—Tongue symmetry and atrophy should be noted. 

Motor. Observe the baby’s posture at rest. At 28 weeks GA, the arms and legs are 
maintained in an extended position; at 32 weeks GA, the arms are extended and the 
legs are flexed; at term, the arms and legs are flexed. Direct examination of motor 
function is usually divided into an assessment of muscle bulk, tone and strength. 

Bulk. Muscle bulk should be determined by visual examination and palpation. 

Tone. It is important to keep the head midline while assessing tone and re- 
flexes. The tonic neck (fencing) reflex causes increased tone and reflexes 
on the side towards which the head is turned. There are several signs of 
decreased tone: 

1. Frog-leg posture indicates poor adductor tone. 

2. Scarf sign. The examiner can adduct the baby’s arm such that the el- 
bow goes beyond midline. 

3. Traction response or head lag. Elicited by pulling the baby up by his/ 
her arms. At term a baby should be able to keep the head in line with 
the body as you pull up. 

4. Vertical suspension. Elicited by holding the baby up vertically under 
his/her arms; a baby should not slip through. 

5. Horizontal suspension. When a baby is held horizontally with a hand 
under the chest/abdomen, a normal-term baby should transiently keep 
the head and legs in line with the body; a hypotonic baby will drape 
over the hand. 

Strength. Spontaneous movements can be described as vigorous or weak. An 
infant should have antigravity strength throughout and symmetric move- 
ments of all extremities. The symmetry of primitive reflexes should also 
be checked (Table 4). 

Sensation. Response to light noxious stimuli in all extremities should be tested. 

Deep tendon reflexes. Knee reflexes are easiest to elicit. Crossed adductor re- 
sponse is normal in the first months of life. Triceps reflex should not be present; if 
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Table 4. Primitive reflexes 








Reflex Stimulus Description Appears Disappears 
Moro Rapid change in Arm extension, Birth 4-5 
head position followed by arm months 
flexion and 
fanning of fingers 
Rooting Gentle Turning of head 34 weeks Persists 
stimulation in direction gestation 
around mouth _ of stimulus 
Stepping/ Help upright and REFLEX alternate Birth Persists as 
placing tilted forward flexion/extension voluntary 
of legs standing 
Tonic neck = Manually turn Extension of arm on Subtle at birth; 4-6 
head while same side head is prominent by — months 
infant is supine turned, flexion of 2-3 weeks 


opposite arm; should 
never be obligatory 
or sustained 


Parachute —‘ Thrusting infant — Extension of 6-7 months Persists 
towards surface upper extremities 

Palmar Place finger in — Firm grasp with Birth 3-4 

grasp reflex palm all fingers months 





present, it is a sign of hyperreflexia. Ankle clonus (5-10 beats) is normal during the 
first month of life, and it should be should be symmetric by 2 months. 


Neurological Assessment of the Older Child 
History 


As for an infant, the history recorded for a present illness of an older child should 
also include the birth and developmental history. 

For all children, obtaining the developmental history is mandatory. A series of 
screening questions for the parents will usually uncover any gross delays, but a de- 
tailed developmental assessment is often necessary to delineate the exact deficits. Stan- 
dard scales used for this purpose include the Denver Developmental Scale, the Bayley 
Scales, the Stanford-Binet Intelligence Scale and the McCarthy Scales of Children’s 
Abilities. Important features of all developmental milestones include the absolute 
level attained, the loss of specific abilities and the temporal pattern (e.g., slower than 
normal, or a plateau). In school-age children, a record of school performance includ- 
ing grades, special classes, repeated grades, or a requirement for special education will 
often provide an important clue regarding intellectual ability. Finally, social and in- 
terpersonal problems are often the first signs of a more significant problem. 


Examination 

The neurological examination of the older child is essentially similar to the gen- 
eral neurological examination. Varying degrees of cooperation will determine the 
completeness with which various steps are performed. In general, for toddlers and 
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Table 5. Normal cerebrospinal fluid values 








Preterm Term Child 
Cell count 9 (0-25) 8.2 (0-22) 0-7 
Protein 115 (65-150) 90 (20-170) 5-20 
Glucose 50 (24-63) 52 (34-119) 40-80 
% of serum glucose 55-105% 44-128% 50% 
Opening pressure (mm) — <100 80-110 <180 





young children, observation first is extremely helpful, especially if the child can be 
encouraged to play, run and perform normal activities. In this way, invaluable infor- 
mation regarding gait, strength and dexterity can be obtained. 

General. Spinal curvature should be assessed by viewing the child in both the 
neutral standing position and with the spine flexed forward. The posterior thorax 
will be higher on the side of a convexity. Children should not have pain associated 
with spinal movement. Indeed, presence of spine pain without a known cause should 
be investigated in detail. 

Cranial nerves. Most of the cranial nerves can be examined in small children. 
The one exception is the optic nerve, a complete assessment of which requires a 
formal Humphreys field test, which can be performed reliably only after the age of 
10 or 12 years. If a visual abnormality is suspected, a referral to a pediatric ophthal- 
mologist should be made promptly. 

Motor. Mild deficits in small children can often be masked by compensatory 
behavior. Particular care should be taken to assess motor function and the use of the 
upper extremeties and hands. 


Further Evaluation 

Additional evaluation includes blood testing, examination of the cerebrospi- 
nal fluid (Table 5), and diagnostic imaging studies as required for the clinical 
situation. Some of the common neurosurgical problems at birth are discussed 


further in Chapter 5. 
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Diagnostic Imaging 


Nathaniel A. Chuang 


Introduction 

The number and complexity of imaging modalities often available for the evalu- 
ation of various clinical disorders often presents a difficult choice for the clinician. 
Because of the need for anesthesia in children undergoing radiological investiga- 
tions, an appropriate intial choice often reduces the need for additional anesthetic 
procedures and is, as expected, more cost-effective. A general guideline is provided 


in Table 1. 


Technical Considerations 


Image Creation with Computed Tomography 

and Magnetic Resonance Imaging 

Computed tomography (CT) scanners employ X-ray tubes, which are rotated 
around the patient’s body while the amount of radiation actually penetrating the 
patient is measured by detectors. This data is analyzed mathematically (filtered back 
projection technique), and the density and position of different tissues are calcu- 
lated and displayed. Density is represented in Hounsfield units (HU) relative to that 
of water (0 HU by definition). Materials that are denser than water or “hyperdense” 
(e.g., bone) have positive HU, while less dense or “hypodense” tissues (e.g., fat) have 
negative HU. 

Magnetic resonance imaging (MRI) relies on the behavior of hydrogen nuclei (pro- 
tons) within a magnetic field. These nuclei have random orientations in the absence of 
an applied magnetic field. When a patient is placed into a magnetic field created by an 
MR scanner, the vast majority of his or her protons are aligned along the direction of 
the field parallel to the bore of the magnet, creating a net equlibrium magnetization 
(Mp). The orientation of these protons can be temporarily changed by “exciting” them 
with radiofrequency (RF) pulses, thereby altering the net magnetization parallel and 
perpendicular (transverse) to the original My. When these protons naturally return or 
“relax” towards their equilibrium state—they emit measurable radio waves, the spe- 
cific frequencies of which depend on their physical location and their local magnetic 
and molecular environment. Mathematical analysis (Fourier transformation) of these 
signals enables the creation of T1- and T2-weighted (WI) MRI images. T1 signal 
intensity (SI) depends on the time it takes for magnetization parallel to the magnet 
bore to return to the original value of Mo, T2 SI is determined by the time required for 
the initial transverse magnetization that existed immediately after RF excitation to 
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Table 1. Preferred initial imaging modalities classified by clinical indications 





Clinical Indication Preferred Imaging Modality 





Acute neurological nhange CT 
Acute head or spinal trauma 

Acute stroke 

Follow-up evaluation for hydrocephalus 
Craniosynostosis and craniofacial anomalies 


Brain tumors MRI 
Developmental delay 

Initial evaluation of hydrocephalus 

Epilepsy 

Cranial nerve palsies 


Arteriovenous malformations MRI, MR angiography and 
Dural arteriovenous fistulas cerebral angiography 
Vasculitis or other vasculopathies 

Aneurysms 

Spinal fractures Ch 

Myelopathy MRI 


Suspected spinal infection 
Congenital spinal malformations 
Scoliosis 


Unstable (untransportable) neonates Head ultrasound 





dissipate. Repetition time (TR) is the time between RF excitations (or “imaging cycles”), 
and echo time (TE) is the point after excitation at which measurements are obtained. 

Specific parameters can be selected to allow optimal visualization of stuctures 
and pathology in the developing nervous system. A number of these CT and MRI 
protocols are summarized in Tables 2-4. 


Indications for Contrast Media 

In patients with neoplasms (e.g., primary or metastatic tumors) or inflammatory 
conditions (e.g., abscesses, meningoencephalitis, or demyelinating disease), obtain- 
ing images after administration of contrast agents can significantly improve the sen- 
sitivity and specificity of a study. Contrast agents depict areas with abnormal 
disruption of the blood-brain barrier, and areas of hypervascularity, such as those 
associated with tumors, inflammation and vascular malformations. Iodinated con- 
trast is hyperdense on CT, and gadolinium-based contrast results in T1 hyperintensity. 
Contrast enhancement rarely shows new lesions in children, but often helps to bet- 
ter characterize them. Standard doses are summarized in Table 5. 


Sedation Techniques for Pediatric Patients 
Modern helical CT scanners offer tremendous acquisition speed and rarely re- 
quire significant, if any, sedation to obtain technically adequate images. However, 
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Table 2. Features of basic MRI sequences 








Sequence TR TE Features 
T1-weighted images Short Short CSF (water) is dark 
(WI) <600ms  <20ms and fat is bright 
T2-Wl Long Long CSF is bright 

>2500ms_ >100ms 
Proton density (PD)- Long Short CSF is intermediate to bright 
WI >2500ms <70ms 
Fluid attenuated Predominantly T2-weighted 
inversion recovery images with dark CSF due to 
(FLAIR) special nulling of signal from 

water by an “inversion pulse.” 

T2*-WI (“T2-star” <600ms  25-30ms Like T2-WI, but particularly 
or gradient recalled sensitive to blood products and 
echo; GRE); uses other causes of inhomogeneous 
small RF pulse local magnetic fields, which 


appear markedly hypointense. 


Diffusion-weighted Acute ischemic injury (i.e., 

imaging (DWI) cytotoxic edema) is bright and 
remains so up approximately 
7-10 days. 





the longer imaging times required by MRI often necessitate sedation of pediatric 
patients to reduce motion artifact (see Table 6). While we offer several suggested 
protocols for the sedation of children during MRI studies, these must be discussed 
in advance with pediatricians and/or pediatric anesthesiologists at the reader’s insti- 
tution to ensure safe implementation. Additionally, MRI-compatible equipment 
must be available to enable proper monitoring of the heart rate, respiratory rate, 
blood pressure and oxygen saturation of sedated children. 

Infants should be kept NPO for 4 hours prior to the study, and older children 
should be placed NPO for 6 hours before imaging. Sleep deprivation also improves 
the quality of sedation, and can be achieved by keeping children awake the evening 
before the procedure, and preventing napping during the day of the study. Children 
should also be placed in a quiet and dark environment shortly following administra- 
tion of sedation. 


Basic Concepts for Interpretation of CT and MRI Studies 
Window Level 


Prior to interpreting any CT or MRI study, the contrast and brightness of the 
images must be adjusted properly. Contrast is represented by the “window” width or 
range of densities, which are displayed across the entire spectrum of gray shades 
(i.e., gray scale). Pixels with a density value (HU) less than the lower window limit 
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Table 3. Parameters of specific MRI sequences 








Special Age Flip 
Sequence Indications Range TR (ms) TE (ms) Angle 
Sagittal T1 600 <20 

(500 for 
spine) 

Sagittal fast spin Hydrocephalus, 3000 102 
echo T2 posterior fossa (3700 

pathology for spine) 
Transaxial T1 500 <20 
Transaxial proton <12 3000 60-120 
density and T2 months 
Transaxial proton >12 2500 30-80 
density and T2 months 
Coronal 3D Developmental <3 o0r>8 35 3-4 35 
spoiled gradient — delay, seizures months 
echo (SPGR 
or MPRAGE) 
Coronal 3D fast Developmental 3 to 8 4000 85 
spin echo T2 delay, seizures months 
Coronal FLAIR >12 10000 140 
(inversion time, months 
TI = 2200 ms 
Coronal gradient — Trauma, 787 25 20 
echo/T2*-WI child abuse, 

hemorrhage 
Postcontrast 600 <20 
transaxial T1 
Postcontrast 600 <20 
coronal T1 
Postcontrast Posterior fossa 600 <20 
sagittal T1 pathology 





FLAIR = fluid-attenuated inversion recovery 


will be displayed as black, whereas pixels with a density value above the upper win- 
dow limit will be displayed as white. A more narrow window increases the contrast 
in an image. The brightness of an image is altered by adjusting the brightness level at 
which the center value of the window is diplayed. A higher level corresponds to 
increased brightness of an image. 
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Table 4. CT and MRI sequence protocols required for general diagnostic categories 





CT 


Protocol 





Routine brain 


Craniosynostoses, 


Transaxial 3.0 to 5.0 mm contiguous slices. 


A. 3.0 mm or thinner transaxial slices. 3D reformations often 








craniofacial useful. 
anomalies B. If possible, 3.0 mm or thinner direct coronal slices. 
Otherwise, coronal reformation of transaxial data. 
Spine 3.0 mm or thinner transaxial slices through region of interest. 
Sagittal and coronal reformations of transaxial data 
MRI Protocol 
Routine brain Sagittal T1 


Developmental 
delay or seizures 


Child abuse or 
seizures 


Spinal tumor or 
infection 


Spinal dysraphism 


Other MR 
techniques 


Transaxial T1 
Transaxial proton density and T2 
Coronal FLAIR, for children > 12 months old 


Routine protocol 
Add coronal 3D SPGR for ages <3 or >8 months, or coronal 
3D FSE T2 for ages 3 to 8 months. 


Developmental delay protocol 
Add coronal T2* gradient echo (GRE) 


Sagittal T1 

Sagittal FSE T2 with fat saturation 

Transaxial T1 and FSE T2 through region of interest 
Postcontrast sagittal T1 with fat saturation 
Postcontrast transaxial T1 through region of interest 


Sagittal T1 

Sagittal FSE T2 

Transaxial T1 and FSE T2 through area of abnormality (e.g., 
conus, cauda equina, or neural placode for tethered cord). 

Coronal T1 

Transaxial GRE through diastematomyelia 

For dermal sinus tract, place vitamin E capsule as skin marker, 
and add postcontrast sagittal T1 with fat saturation. 


A. DWI for suspected ischemia, infection, trauma 

B. MR angiography for suspected stroke, vasculopathy, AVM 
or aneursym. 

C. MR venography for suspected dural venous sinus 
thrombosis. 

D.Phase contrast sagittal cine CSF flow studies through 
midline for Chiari | and hydrocephalus. 

E. MR spectroscopy for hypoxic-ischemic injury, tumors, or 
metabolic disease. 





AVM = artereovenous malformation; DWI = diffusion-weighted imaging; FLAIR = 
fluid-attenuated inversion recovery; FSE = fast spin echo; GRE = gradient recalled 
echo; SPGR = spoiled gradient echo 
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Table 5. Doses of contrast media used with standard CT and MRI scans 








Contrast Media Dose 
CT _ lodinated contrast with iodine 3 mg/kg body weight, up to total 
concentration ~300 mg/ml of infusate. 120 mg. 


Avoid inpatients with renal insufficiency 
or contrast allergy. 


MRI Gadolinium-based paramagnetic contrast. 0.1 mmol/kg body weight. 





Specific window and level values offer advantages in the evaluation of different 
tissues, especially those imaged with CT. Brain, bone and, if possible, subdural win- 
dows should be used for interpretation of every CT study to detect hemorrhage, 
abnormal masses, parenchymal injuries, herniation, fractures and abnormalities of 
the craniofacial soft tissues. Acute hemorrhage is denser than water and will be dis- 
played as white, but as blood ages and becomes less dense, it can appear isodense to 
brain parenchyma when subacute, or hypodense at the chronic stage. 


Specific Abnormalities 

Asymmetry is often the first and most obvious sign of the presence of an abnor- 
mal mass or parenchymal injury. When an abnormal mass or fluid collection is 
identified, it is critical to discern whether the lesion is intra- or extra-axial in loca- 
tion, in order to generate an accurate differential diagnosis. This should be done 
before evaluating the lesion’s other imaging characteristics. Intra-axial 
(intraparenchymal) lesions arise from within the brain parenchyma itself. They are 
within and may expand brain parenchyma, and may also efface adjacent subarach- 
noid/CSF spaces. Primary brain tumors, such as gliomas and parenchymal metastases 
are common examples of intra-axial masses. Extra-axial (extraparenchymal) masses 
displace adjacent brain parenchyma, and a plane or cleft between the mass and brain 
is often identifiable; adjacent subarachnoid spaces are typically enlarged. Extra-axial 
masses can be extradural, dural, meningeal or intraventricular in their origin. Ex- 
amples include meningiomas, nerve sheath tumors, arachnoid cysts, epidermoids, 
dural metastases, and epidural and subdural hematomas. 

Cerebral edema leads to abnormal areas of low attenuation on CT or T2 
hyperintensity on MR due to increased local tissue water content. Cerebral infarction, 
tumors and inflammatory processes can all incite edema and also disrupt the normal 
differentiation of gray and white matter. Cortex is normally seen as a superficial rib- 
bon of gray matter that is denser (or brighter) than the underlying white matter on 
CT. Generalized loss of this gray-white differentiation is typically seen in diffuse cere- 
bral edema. In a related fashion, the integrity of the deep gray nuclei (caudate, lenti- 
form and thalamic) can be assessed by ensuring that they can be distinguished clearly 
from the surrounding deep white matter. Causes of injury to the deep gray nuclei 
include focal infarcts, hypoxic or anoxic injury, and metabolic or toxic insults. 

Abnormal masses, fluid collections and cerebral edema can all cause mass ef- 
fect and elevated intracranial pressure, and result in abnormal shift or herniation 
of brain parenchyma. All of the six main types of herniation—subfalcine, uncal, 
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Table 6. Suggested sedation protocols used to perform diagnostic studies 


in children 














Sedative Route Dosing 

Chloral hydrate PO 75-100 mg/kg for first 10 kg body weight. 
Followed by 50 mg/kg, up to maximum of 
2000 mg. May give additional incremental 
doses if child is still awake after 20 minutes. 

Midazolam (Versed) PO Administer 30-45 minutes before imaging. 
0.3-0.5 mg/kg 

Sodium pentobarbital PR Administer 30-45 minutes before imaging. 25 

(Nembutal) mg/kg via urinary catheter attached to 
syringe. May give second dose of 15 mg/kg if 
child is still awake after 20 minutes. 

Avoid if child has hepatic or metabolic disease. 

Sodium pentobarbital IM Administer 30 minutes before imaging. 6 mg/ 
kg for first 15 kg body weight. Followed by 5 
mg/kg, up to total of 200 mg. 

Sodium pentobarbital IV 2.5 mg/kg push over 30-40 seconds. If not 
sufficient for initial sedation, additional doses 
of 1.0 mg/kg , up to total of 6 mg/kg. Repeat 
1.0 mg/kg doses as needed to maintain 
sedation during study. 

Sodium pentobarbital IV Pentobarbital 1-2 mg/kg, alternating with 

and Morphine sulfate morphine 0.05 mg/kg, until child is 
adequately sedated. 

Fentanyl citrate IV 1ug/kg slow push every 5-7 minutes as 

(Sublimaze) needed, up to maximum of 4 ug/kg. For 
adult-sized patients, 25-50 ug IV per dose. 

Midazolam IV 0.02-0.05 mg/kg slow push. If not sufficient 
for initial sedation, give 50% of original dose 
every 2-4 minutes, up to total of 0.6 mg/kg 
within an 8 hour period. 

Reduce dose if child has hepatic dysfunction. 

Propofol (Diprivan) IV 2.5 mg/kg for induction. 200 ug/kg/min 
infusion. 

Requires anesthesiologist or nurse anesthetist. 

Sedative Antagonists Route Dosing 

Naloxone hydrochloride IV 0.01-0.1 mg/kg, titrate to reversal by 

(Narcan) repeating dose every 2-4 minutes, up to total 

Narcotic antagonist of 2 mg. 

Flumazenil (Romazicon) IV 0.01 mg/kg with maximum single dose of 0.2 


Benzodiazepine 
antagonist 


mg. Titrate to reversal, by repeating dose every 
3-5 minutes, up to total of 1 mg. 
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downward, tonsillar, upward and external herniation—can be identified by imag- 
ing. Subfalcine herniation describes the medial displacement of the cingulate gy- 
rus beneath the falx cerebri. Uncal herniation occurs with medial displacement of 
the medial temporal lobe (uncus), causing effacement of the ipsilateral 
perimesencephalic cisterns, and if severe, direct mass effect on the midbrain. Down- 
ward herniation manifests as caudal displacement of the diencephalic structures 
(e.g., deep gray nuclei) with consequent effacement of the suprasellar and 
perimesencephalic cisterns. Tonsillar herniation is characterized by downward her- 
niation of the inferior cerebellar tonsils through the foramen magnum. Upward 
herniation is caused by a posterior fossa mass, and refers to superior displacement 
of the cerebellum through the tentorial incisura, resulting in mass effect on the 
dorsal midbrain. External herniation is the outward “extrusion” of brain paren- 
chyma through a defect in the calvarium, such as a prior craniectomy, skull frac- 
ture, or congenital encephalocele. 

Evaluation of ventricular size and configuration must also be performed. As 
mentioned above, asymmetry assists in the detection of abnormalities but may not 
be helpful in the case of midline structures. The following structures should always 
be assessed on a sagittal MR sequence: corpus callosum, hypothalamic-pituitary 
axis, pineal/tectal region, brainstem, cerebellum, foramen magnum, superior sagit- 
tal and straight dural venous sinuses, upper cervical spine, clivus and nasopharynx. 
MR sequences also offer the opportunity to confirm the patency and caliber of the 
major intracranial vessels, since they normally display a signal void due to the rapid 
flow and movement of protons in blood. An absent flow void signifies either slow 
flow in or occlusion of a vessel. 


Developmental Aspects 

One of the most difficult aspects of pediatric neuroimaging is the dynamic 
appearance of the infant brain because of its ongoing maturation. Therefore, it is 
critical to be familiar with the normal patterns of sulcation and myelination of a 
developing child’s brain before attempting to interpret the neuroimaging study of a 
newborn or infant (Table 7). Children suffering from developmental delay and 
congenital malformations may display abnormally shallow and underdeveloped 
cortical sulci and an immature pattern of myelination. A term infant, at approxi- 
mately 38 to 40 weeks gestational age, should have a nearly normal adult sulcal 
pattern. Myelination of a child’s brain is best assessed using both T1- and T2- 
weighted transaxial images. T1-WI are more useful in the first 6 months of life, 
whereas T2-W/1 are more informative between 6 and 18 months of age. Maturation 
of white matter is reflected by T1 hyperintensity and T2 hypointensity relative to 
gray matter. By approximately 2 years of age, maturation of white matter is essen- 
tially complete except for that in the “terminal zones” (centrum semiovale, subcor- 
tical frontal and parietal white matter). When evaluating premature infants, it is 
important to have an accurate record of the postconceptional age at birth. For 
example, a 4-week-old neonate born at 30 weeks gestational age has a corrected age 
of 34 weeks, and is still expected to have a premature pattern of myelination and 
sulcation compared to that of a term infant. 
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Table 7. Milestones for normal myelination on MRI 





Age for Term Infant {11 SI (Myelin formation) )T2 SI (Myelin compaction) 





Birth-2 months Posterior limb of internal Posterior portion of PLIC 
capsule (PLIC) Middle cerebellar peduncle 
Middle cerebellar peduncle 


2-4 months Anterior limb of internal 
capsule (ALIC) 
Splenium of corpus callosum 
Cerebral white matter 
Centrum semiovale 


4-6 months Genu of corpus callosum Splenium of corpus callosum 
Central frontal and occipital Anterior portion of PLIC 
white matter 


6-8 months Genu of corpus callosum 

7-11 months ALIC 
Centrum semiovale 

11-16 months Central frontal white matter 
Peripheral occipital white 
matter 

14-18 months Peripheral frontal white 
matter 





‘ = increased; | = decreased; SI = signal intensity 


Trauma and Child Abuse 


As noted above, CT is the modality of choice for initial imaging of head and 
spinal trauma. However, if the findings on CT cannot fully account for the severity 
of an injured child’s neurological deficits, additional evaluation with MRI is indi- 
cated. The scout CT image must be scrutinized to exclude skull fractures that are 
parallel to the transaxial plane of imaging and therefore are imperceptible on trans- 
verse images (Fig. 1). Brain, bone and, if possible, subdural windows should be used 
for interpretation of the study to detect hemorrhages, herniation, parenchymal in- 
juries, fractures and overlying soft tissue injuries. 

Acute hemorrhage is hyperdense on CT and variable on MR depending on 
the state of hemoglobin, but most often T1 hyperintense and T2 hypointense 
(intracellular methemoglobin). Intracranial bleeds are divided into four types: 
epidural, subdural, subarachnoid and intraparenchymal. Epidural hematomas are 
typically related to skull fractures and laceration of an underlying artery (usually 
the middle meningeal artery) or a dural vein. They are well-defined lentiform 
extra-axial hyperdense collections (Fig. 2). Subdural hematomas occur as a result 
of tearing of cortical veins that bridge the subdural space. These are typically 








18 Pediatric Neurosurgery 











Figure 1. Skull fracture. Transaxial lin- Figure 2. Epidural hematoma with sig- 
ear lucency in frontal bone on lateral nificant mass effect. (transaxial CT) 
scout image. 


hyperdense crescentic extra-axial fluid collections when acute, isodense to brain 
parenchyma when subacute (1-2 weeks old) (Fig. 3), and hypodense when chronic 
(>2-3 weeks old). Administration of intravenous contrast may help confirm a 
subacute or chronic subdural hematoma, since their outer and inner membranes 
will enhance due to the presence of granulation tissue. Acute subarachnoid hem- 
orrhage (SAH) is frequently identified in conjunction with parenchymal injuries, 
and reveals itself as hyperdense acute blood along the cerebrospinal (CSF) spaces. 
SAH is commonly observed in the Sylvian fissures, interpeduncular and 
perimesencephalic cisterns, sulci along the convexity, and occipital horns of the 
lateral ventricles and fourth ventricle. MR fluid-attenuated inversion-recovery 
(FLAIR) images are also sensitive for detecting acute and subacute SAH, which is 
hyperintense. 

Parenchymal hemorrhages are occasionally seen in association with cerebral con- 
tusions, which when nonhemorrhagic appear as hypodense areas of brain paren- 
chyma (Fig. 4). Injuries resulting from rotational forces cause shear injuries that 
appear as ill-defined foci of T2 hyperintensity. They can also be hyperintense on T1- 
WI and/or hypointense on T2-WI and gradient recalled echo (GRE) sequences if 
blood products are present. Usual locations of axonal shear injury include the junc- 
tion of gray and white matter, the centrum semiovale, the corpus callosum and the 
brainstem. 

Cases of nonaccidental head trauma or child abuse have similar imaging find- 
ings as other causes of head trauma. The most common findings include subdural 
and subarachnoid hemorrhages, cerebral contusions and skull fractures that may be 
of varying ages. Contusions in the orbital surfaces of the frontal lobes are character- 
istic, and axonal shearing injuries and infarcts can also be seen. The clinical presen- 
tation of these children is highly variable. Often their injuries are incompatible with 
the reported mechanism, or they may present with excessive irritability, lethargy, 
failure to thrive, seizures, recurrent encephalopathy or developmental delay. 


Diagnostic Imaging 19 








Figure 4. Bilateral cephalohematomas 
with underlying fractures. Hyperdense 
parenchymal hemorrhages with sur- 





Figure 3. Acute subdural hematoma. rounding edema. Adjacent subarach- 
(transaxial CT) noid blood. (transaxial CT) 
Hydrocephalus 


A key concept in evaluating children with suspected hydrocephalus is the corre- 
lation of imaging findings with an abnormally high rate of head growth that can be 
documented with serial measurements of head circumference. These patients also 
can present with headaches, papilledema, cranial nerve palsies, motor deficits and 
dysfunction of the hypothalamic-pituitary axis. Common causes of hydrocephalus 
in infants include meningitis, trauma, hemorrhage, Chiari II malformation, or 
aqueductal stenosis. Choroid plexus tumors and vein of Galen malformations are 
unusual culprits. In children over 2 years of age, posterior fossa tumors are the most 
frequent cause of new-onset hydrocephalus. 

Hydrocephalus can be grouped into communicating and noncommunicating 
causes. In general, the communicating form is caused by extraventricular obstruc- 
tion of CSF circulation or reduced resorption (Fig. 5). Noncommunicating hydro- 
cephalus is characterized by intraventricular obstruction of CSF flow, usually by 
tumors, cysts, or scarring. The obstruction most commonly occurs at sites of nar- 
rowing within the ventricular system: the foramina of Monro, the aqueduct, or the 
fourth ventricular outflow foramina (Fig. 6). A third very rare subset of hydroceph- 
alus results from CSF overproduction by tumors or hyperplasia of the choroid plexus. 

The two most helpful imaging findings indicating hydrocephalus are enlargement 
of the anterior recess of the third ventricle and dilation of the temporal horns of the 
lateral ventricles in the setting of normal sized Sylvian fissures. Other signs include a 
rounded and widened configuration of the anterior and posterior horns of the lateral 
ventricles, and ventriculomegaly out of proportion to the size of the cerebral sulci. 
Atrophy can occasionally mimic the radiographic appearance of hydrocephalus but 
will not be seen in infants with concurrent macrocephaly or an excessively rapid in- 
crease in head size. 
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Figure 5. Communicating hydrocephalus Figure 6. Noncommunicating hydro- 
following meningitis with enlargement cephalus, secondary to fourth ventricu- 
of all ventricles. No intraventricular ob- lar medulloblastoma. Temporal horns 
struction. (transaxial T2-WI) are markedly enlarged. (transaxial CT) 


Pediatric Brain Tumors 

Tumors of the central nervous system are the second-most common group of 
childhood neoplasms, after leukemia and lymphoma. Children affected by brain 
tumors have clinical presentations that vary with patient’s age and location and growth 
rate of the mass. Infants can present with vomiting or lethargy, cranial nerve or 
motor dysfunction, or an enlarging head size due to hydrocephalus. Older children 
can present with positional headaches, nausea and vomiting, confusion, seizures, 
cranial nerve or motor deficits, or ataxia. Tumors in the sellar, supra-sellar or hypo- 
thalamic region can lead to diabetes insipidus, growth failure, amenorrhea or preco- 
cious puberty by disrupting the hypothalamic-pituitary axis. Children with pineal 
region masses often present with hydrocephalus, diplopia or Parinaud’s sign (im- 
pairment of upward gaze). Clinical features of pediatric brain tumors are discussed 
in greater detail in Chapter 4. 

When any brain tumor is discovered on an imaging study, an appropriate differ- 
ential diagnosis can be offered by answering several questions. Is the tumor extra- or 
intra-axial? Is the tumor infratentorial (i.e., posterior fossa), or supratentorial? Is it 
hemispheric, sellar, suprasellar, or in the vicinity of the pineal gland? What addi- 
tional distinguishing imaging characteristics does the mass display? Various imaging 
features of pediatric brain tumors are listed in Tables 8-12. 


Congenital Malformations 

Congenital malformations of the brain are a complex group of disorders with a 
wide variance of appearances (Table 13). The reader should keep in mind that patients 
with Chiari II malformations, Dandy-Walker malformations, and holoprosencephaly 
often have congenital hydrocephalus and may require CSF diversion. It is also 
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important to remember that many patients with congenital brain malformations have 
ventriculomegaly in the absence of hydrocephalus. In the absence of progressive mac- 
rocephaly, large ventricles are not an indication for CSF-diversion procedures. Genetic 
syndromes and congenital anomalies are discussed in Chapter 7. 


Neurocutaneous Syndromes 

Phakomatoses are a heterogeneous group of congenital malformations involving 
both the central nervous system and the skin. Many of these neurocutaneous syn- 
dromes also have additional abnormalities of visceral organs and connective tissues. 
The 5 classical neurocutaneous syndromes and their imaging features are described 
in Table 14, but other disorders such as ataxia teleangiectasia, basal-cell nevus syn- 
drome, and neurocutaneous melanosis are also considered part of this group. 


Cerebrovascular Disease 


Vascular Malformations 

Central nervous system (CNS) vascular malformations are grouped into 4 catego- 
ries: arteriovenous malformations (AVM), cavernous angiomas (or, cavernous malfor- 
mations), capillary telangiectasias and developmental venous anomalies (DVA). AVMs 
are the most important to recognize because of their propensity to hemorrhage. Chil- 
dren can also present with headaches, seizures, hydrocephalus or progressive neuro- 
logical deficits. AVMs are congenital vascular malformations in which abnormally 
dilated arteries and veins are directly connected to each other, bypassing any interven- 
ing capillaries. As a consequence, there is rapid arteriovenous shunting, which can 
lead to a vascular “steal” phenomenon and chronic hypoperfusion of adjacent brain 
parenchyma. Conventional cerebral angiography is the modality of choice for initial 
evaluation of AVMs. Scans must also be scrutinized for associated aneurysms and 
evidence of stenoses involving the draining veins since these features increase the risk 
of hemorrhage. On CT and MRI, AVMs appear as a tangle of enhancing, enlarged 
vessels (Fig. 7). Hemorrhage may be present. Volume loss occurs in any previously 
injured adjacent brain parenchyma, which will be hypodense and T2 hyperintense. 
Newer techniques such as MR and CT angiography are noninvasive methods used to 
follow vascular malformations. 

Vein of Galen malformations are an unusual subset of AVMs in which direct 
arteriovenous connections exist between the vertebrobasilar system and the vein of 
Galen. They can be divided into “choroidal” (~90%) and “mural” (~ 10%) subtypes. 
Choroidal malformations demonstrate numerous small arteriovenous connections 
and significant shunting, which frequently leads to neonatal congestive heart failure 
and a poorer prognosis. In contrast, mural malformations have much fewer but larger 
arteriovenous conduits, and patients present later in infancy with hydrocephalus, 
seizures or hemorrhage. The imaging appearance is characteristic: large, enhancing, 
dilated vessels along the posterior midline centered in the region of the vein of Galen 
and straight sinus. Thrombus within the dilated vascular structures may also be present. 
Adjacent areas of brain injury can appear atrophic and have dystrophic calcifications. 
Neonatal head ultrasound is a useful method for demonstrating the enlarged vessels 
and arteriovenous shunting associated with these malformations. 
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Figure 7. Tangle of hypointense serpentine flow voids along the paramedian poste- 
rior left frontoparietal region, which enhance with contrast. (left to right: T1-WI, 
T2-WI, T1-WI with contrast) 


Cavernous angiomas contain dilated 
sinusoidal capillaries without interven- 
ing normal brain parenchyma. They are 
well-delineated, lobulated, hyperdense, 
mildly enhancing lesions that have het- 
erogeneous central T1 and T2 signal but 
a classic rim of T2 hypointensity repre- 
senting hemosiderin from prior hemor- 
rthages (Fig. 8). They are rare causes of 
seizures and hemorrhage. Cavernous 
angiomas are not infrequently seen in 
association with developmental venous 
anomalies and capillary telangiectasias, 
suggesting that these three entities rep- 
resent a spectrum of lesions possibly 
caused by impaired outflow of DVAs. 
Developmental venous anomalies are felt 





Figure 8. Cavernous angioma of the cau- 
dal pons. (sagittal T2-WI) 


to be normal variants of venous drainage. In isolation, they are rarely symptomatic, 
and are usually incidentally discovered on contrast-enhanced CT and MR studies. 
They appear as a “spider-like” collection of small enhancing vessels that drain into a 
larger vein that feeds a venous sinus. Capillary telangiectasias are composed of di- 
lated capillaries separated by normal brain tissue. They are most commonly detected 
in the pons as subtle small areas of ill-defined enhancement and T2 hypointensity 
on MRI. They are very uncommon causes of hemorrhage. 


Stroke 


Stroke occurs rarely in children and can have numerous causes such as emboli 
from a cardiac source (e.g., congenital right-to-left shunts), arterial dissections, hy- 
percoagulable states, meningitis, venous sinus thrombosis and moyamoya disease. 
The exact origin of most pediatric strokes is never found. Arterial dissections are 
characterized by post-traumatic or spontaneous development of an intimal cleft that 
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allows blood to dissect into the arterial wall, creating a pseudoaneurysm. The false 
lumen associated with a dissection can expand and cause narrowing of the true 
vessel lumen, and serve as a source of emboli. The most frequent sites of dissection 
involve the distal cervical segments of the internal carotid and verterbral arteries in 
the upper neck just below the skull base. Intracranial dissections are more uncom- 
mon. Conventional angiography is considered the most sensitive technique for de- 
tecting the intimal irregularities, pseudoaneurysms, and stenoses associated with 
arterial dissections. However, a T1-weighted transaxial MR sequence with fat satu- 
ration through the skull base and neck is usually the modality of choice because of 
its relative convenience and high sensitivity in detecting blood within the crescentic 
false lumen lining the injured artery. 

Venous infarcts are a consequence of thrombosis of dural venous sinuses, deep or 
cortical veins. They occur in the setting of dehydration or other causes of hyper- 
coagulability, and as a complication of meningitis. Venous infarcts appear as ill- 
defined areas of edema, and approximately 25% have concomitant hemorrhage. 
Thrombosis of the superior sagittal sinus (SSS) leads to infarcts along the paramed- 
ian frontal or parietal lobes, and occlusion of the deep venous system leads to infarcts 
involving the thalami. In the acute setting, a thrombus within the vein can appear 
hyperdense on nonenhanced CT. The classic “empty-delta” sign is seen on contrast- 
enhanced CT studies when a central clot within the SSS appears as relatively 
hypodense to the contrast-containing blood flowing around it. Subacute thrombi 
will also appear as T1-hyperintense material within and occasionally expanding the 
venous sinus. MR venography is usually very helpful in delineating narrowing or 
occlusion of the involved venous structure and should always be performed if pos- 
sible. It should be noted that venous infarcts have a more variable appearance on 
diffusion-weighted imaging and may not always demonstrate a net decrease in dif- 
fusion as seen in acute arterial infarcts. 

Moyamoya disease results in progressive bilateral or unilateral narrowing and oc- 
clusion of the supraclinoid internal carotid arteries and their proximal branches (Fig. 
9). There is compensatory enlargement of collateral perforating vessels, most com- 
monly the lenticulostriate arteries. CT and 
MR studies will reveal acute infarcts and/ 
I\ or encephalomalacia related to remote is- 

: chemic injuries. Prominent signal voids 
can often be seen in the bilateral basal 
ganglia and reflect hypertrophied arterial 
collaterals. These vessels are best seen on 
conventional angiography, which will also 
reveal stenosis of the supraclinoid arter- 





ies, and occasional associated aneurysms 
and arteriovenous malformations. Pedi- 


Figure 9. Moya-moya. Marked narrowing 
of the bilateral supraclinoid internal ca- 


atric patients typically present with recur- 





rotid arteries and proximal middle and an- 
terior cerebral arteries. (3D time-of-flight 
MR angiography) 


rent headaches, transient ischemic attacks 
or strokes. Moyamoya syndrome is asso- 
ciated with many conditions, including 
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sickle-cell disease, neurofibromatosis type 1, Down syndrome and tuberculous men- 
ingitis and can also occur after radiation theapy. If no such cause can be found, the 
child is given the diagnosis of moyamoya disease. 


Infectious and Inflammatory Conditions 

Meningitis is the most common CNS infection affecting children. The diagno- 
sis of meningitis is based on the analysis of CSE, obtained by lumbar puncture; the 
absence of inflammatory changes such as leptomeningeal enhancement on CT or 
MRI must not be used to exclude this diagnosis. Affected children present with 
fever, irritability, lethargy, headaches and nuchal rigidity; seizures, cranial neuropa- 
thies or stroke may develop. Imaging is performed mainly for the evaluation of 
children who are deteriorating neurologically despite apparently appropriate antibi- 
otic therapy, in order to determine the cause of deterioration. 

Complications of meningitis include hydrocephalus, cerebral infarction, subdu- 
ral effusion or empyema, cerebritis and cerebral abscess. Sterile subdural fluid col- 
lections are not uncommon in the setting of meningitis and do not usually require 
surgical intervention. However, if seeded with bacteria, they can be transformed 
into infected collections (empyemas), which require drainage. Paranasal sinusitis, 
mastoiditis, otitis media, calvarial osteomyelitis and orbital cellulitis are other causes 
of empyema. On CT and MRI, both effusions and empyemas appear as peripher- 
ally enhancing extra-axial low-intensity fluid collections. They are most frequently 
located along the frontal and temporal lobes. Empyemas are typically unilateral, 
have a thick rim of enhancement, and may also have internal septations and locula- 
tions. Cerebritis can be seen in underlying brain parenchyma in both effusions and 
empyemas, and has the appearance of local edema (hypodensity on CT, and low T1 
and high T2 signal on MRI) with variable contrast enhancement. Progression of 
cerebritis eventually leads to abscess formation. Cerebral abscesses appear as fluid 
collections with a thin, smooth rim of 
peripheral enhancement on CT and 
MRI (Fig. 10). Their central contents are 
hypodense on CT but have variable sig- 
nal intensity on MRI depending the age 
of the abscess. Necrotic glial neoplasms, 
resolving hematomas, and metastases 
can, in rare instances, mimic an abscess. 

Granulomatous meningitides, such 
as those seen in CNS tuberculosis, fun- 
gal infections and sarcoidosis, will of- 
ten cause thick meningeal enhancement 
that may fill the basal cisterns. Granu- 
lomas, represented by foci of T2 





hyperintensity and parenchymal en- 


Figure 10. Brainstem abscess. Well- 
: : : defined, peripherally enhancing fluid 
develop in tuberculosis and fungal in- collection located in the midbrain and 
fections. pons. (sagittal T1-WI with contrast) 


hancement, or true abscesses can also 
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Viral encephalitis encompasses a het- 
erogeneous group of viruses with a predi- 
lection for invading the CNS. Some 
examples include herpes simplex, herpes 
zoster, mumps, coxsackie, rabies and po- 
lio. These typically cause focal areas of 
edema (hypodensity on CT, and low T1 
and high T2 signal on MRI) accompa- 
nied by gyral and/or meningeal enhance- 
ment. Herpes simplex encephalitis is the 
most common cause of meningoencepha- 
litis in the U.S., and has a preference for 
involving the anterior and medial tempo- 
ral lobes and inferior frontal lobes (par- 
ticularly the cingulum). It can be unilateral 
or bilateral, and frequently results in hem- 
Figure 11. ADEM. Numerous scattered _ orrhagic necrosis. Herpes zoster, coxsackie 


foci of T2-hyperintensity in the subcor- and polio, and Epstein-Barr viruses have 
tical white matter, right thalamus and 
bilateral cerebellum. No significant 
mass effect. (transaxial T2-WI) 





been shown to cause acute cerebellitis. 
Other causes of bilateral cerebellar edema 
include demyelinating disease and cyanide 
and lead poisoning. 

Demyelinating disorders, such as acute disseminated encephalomyelitis (ADEM) 
and multiple sclerosis (MS) can have clinical and imaging presentations that are 
very similar to those of vasculitis and collagen vascular diseases. ADEM is an au- 
toimmune demyelinating encephalomyelitis that typically begins several days after 
onset of a viral (e.g., varicella) or bacterial infection, or following a vaccination. 
Initial symptoms can be very much like those seen in meningitis or viral encephali- 
tis. CT and MRI reveal scattered, variably enhancing areas of demyelinated (T1 
hypointense and T2 hyperintense) subcortical white matter and often the deep gray 
nuclei, in an asymmetric, pattern (Fig. 11). The cerebellum, brainstemal and spinal 
cord are less frequently involved. Demyelinating MS plaques affect the corpus callo- 
sum and periventricular white matter more specifically, and also the brainstem and 
cerebellum more commonly than does ADEM. 


Spinal Disorders 


Spinal Trauma 

In the absence of acute neurological findings, the initial evaluation of spinal 
trauma should begin with plain radiographs. If any fractures or other findings in- 
dicative of acute bone injury (e.g., excess paraspinous soft-tissue swelling, fractures 
or malalignment) are identified, this should be followed by thin-section transaxial 
CT sections, and should include sagittal and coronal reformations. Spinal MRI is 
usually reserved for patients who have new neurological deficits after trauma. The 
treating physician must have a low threshold for obtaining an MR study in infants 
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or young children, even in the absence of radiographic abnormalities, if there is any 
clinical concern about the possibility of cord injury, because the anatomy and elas- 
ticity of the immature spine makes children more susceptible to spinal-cord injury 
in the absence of fractures. This is particularly true in the cervical spine. Spinal-cord 
contusions usually manifest as edema (T2 hyperintense) and swelling of the injured 
cord segment on MRL. A sagittal T2* sequence can be performed to exclude hemor- 
rhage, which will be hypointense. Acute traumatic disc herniations can also occur 
and cause cord compression. T2-WI with fat saturation is most sensitive for detect- 
ing T2-hyperintense changes seen in fractures, bone contusions and injured 
paraspinous soft tissues. 


Spinal Infections 

Discitis and vertebral osteomyelitis develop more frequently in young children 
than in adults, probably because the increased vascularity of the intervertebral discs 
and cartilaginous vertebral endplates of young children make them more suscep- 
tible to hematogeously spread infections. The L2-3 and L3-4 levels are the most 
frequently affected disc spaces. Affected patients present with fevers and back pain, 
or with a complaint of refusal to walk. MRI is the preferred imaging modality, and 
demonstrates T2 hyperintensity and enhancement of the infected disc. Similar 
changes are evident in the adjacent vertebral endplates, epidural space and paraspinous 
soft tissues if they are also involved. In the late stages of infection, erosion and col- 
lapse of the infected vertebral body can occur, resulting in significant spinal defor- 
mity. Other modalities such as plain films, CT or radioisotope studies are either less 
sensitive or less specific than MRI. 

Spinal epidural abscesses are neurosurgical emergencies because they can enlarge 
rapidly and cause cord compression and infarction, with resultant paraplegia. The 
main mechanisms of infection are hematogenous seeding of or direct extension of 
adjacent discitis/osteomyelitis into the epidural space. Patients initially present with 
fevers, back pain and focal spinal tenderness. Without treatment, sphincter dys- 
function, and sensory changes and weakness in the lower extremities can develop. 
MRI is the study of choice and will typically show a fluid collection or mass in the 
epidural space that is T1 hyperintense and T2 hypointense compared to CSF. En- 
hancement usually occurs along the margins of the collection but can be homog- 
enous in the case of epidural phlegmons that have not yet liquefied. 


Syringohydromyelia 

The central canal within the spinal cord normally communicates with the fourth 
ventricle via the obex, and is barely perceptible if at all on MRI. Hydromyelia is 
strictly defined as abnormal dilation of the central canal, whereas syringomyelia 
only refers to dilated cavities within the cord parenchyma separate from the central 
canal. In practice, these two entities are difficult to distinguish and the combined 
terms of syringohydromyelia or syrinx are used. Most cases of syringohydromyelia 
appear to be caused by alterations in CSF flow dynamics, with abnormal pressure 
gradients being established between different CSF-containing spaces. Causes in- 
clude Chiari malformations (I and II), hydrocephalus, arachnoiditis, spinal stenosis 
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or tumors. Both Chiari I and II malfor- 
mations result in impaired flow of CSF 
through the subarachnoid space at the 
foramen magnum, with presumed 
transmission of increased flow and pres- 
sure into the central canal of the spinal 
cord, which then dilates (Fig. 12). 
Syringohydromyelia can also be seen in 
the setting of parenchymal loss and my- 
elomalacia due to prior trauma, infarc- 
tion, inflammation or hemorrhage. A 
prominent central canal (which has dif- 
ferent clinical implications and should 
be differentiated from frank hydromy- 
elia) is present in 25% of patients with 
Figure 12. Cervical spinal cord syrinx tethered cords and may occasionally 
associated with Chiari type | malforma- _ (~2%) be detected as an incidental find- 
tion. (sagittal T2-WI) ing when children are imaged for unre- 
lated diseases or disorders. 

Depending on the cross-sectional region of the cord affected, children with 
syringohydromyelia may present with symmetric or asymmetric weakness and sen- 
sory loss in the upper or lower extremities; scoliosis and ataxia may also be present. 
The extent ofa syrinx is best delineated by sagittal and transaxial T1- and T2-weighted 
MR images, on which it appears as fluid collections isointense to CSF and located 
within the cord. The appearance can vary from smooth dilation of the central canal 





to large eccentric cavities that have a “beaded” appearance because of multiple inter- 
nal septations. If no obvious explanation for syringohydromyelia is seen on the 
precontrast images from the patient's first visit (e.g., Chiari II), contrast-enhanced 
T1-WI images must be performed in order to exclude a spinal-cord tumor. 


Congenital Spinal Malformations 

When imaging children with suspected congenital spinal malformations, one 
must be aware that multiple anomalies such as myelomeningocele, split-cord mal- 
formation, syringohydromyelia, and others may co-exist. Anomalies of the caudal 
spine must be considered in patients with urogenital or anorectal malformations. 
Sagittal and coronal imaging of the entire spine with MRI is recommended to 
identify the location of the conus medullaris (normal level: T10 to L2), associated 
lipomas or syrinxes, anomalous segments of spinal cord, and anomalies of dorsal 
closure or segmentation. Transaxial T1- and T2-WI should be obtained from the 
conus through the bottom of the sacrum to assess for a fatty (T1 hyperintense on 
MRI) and/or thickened filum terminale. If a split-cord malformation (diastem- 
atomyelia) is detected, additional transaxial T2*-WI images should be performed 
through the levels of the split cord to best demonstrate a bony or fibrous spur. In 
patients with complex bone anomalies, MRI should be augmented with radio- 


graphs and CT scans. 
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Spinal dysraphism (see Chapter 8) results from abnormal neurulation, and in- 
cludes a group of malformations characterized by incomplete dorsal midline closure 
of the dermal, muscular, osseous and/or neural tissues. In spina bifida aperta, part or 
all of the contents of the spinal canal protrude posteriorly through the dorsal dysraphic 
spinal defect. The neural arch is widened, and pedicles and laminae of the abnormal 
vertebral bodies are flared outward and oriented posterolaterally instead of 
posteromedially. These findings are typically easy to see on both obstetrical ultra- 
sound and MRI. Examples of open spinal dysraphism include myeloceles and 
myelomeningoceles. In these two entities, the spinal cord is tethered, and neural 
tissue (neural placode) is directly exposed without any covering skin. In myeloceles, 
the placode is flush with the skin surface, whereas the neural tissue is elevated by 
protrusion of underlying CSF-filled meninges in myelomeningoceles. Chiari II 
malformations are almost always seen in association with myelomeningoceles. 

In occult spinal dysraphism, neural tissue is not directly exposed but is instead 
covered with intact skin. Examples include meningocele, dermal sinus tract, spinal 
lipoma, fatty filum terminale and split-cord malformations. In simple meningoceles, 
meninges containing CSF (without neural tissue) protrude through the dysraphic 
area. Dermal sinus tracts result from incomplete separation (“disjunction”) of neu- 
ral and cutaneous ectoderm during neurulation. They consist of epithelium-lined 
tracts extending from the skin surface to the subcutaneous soft tissues or extending 
to the dura, subarachnoid space or spinal cord. They are most commonly located 
in the lumbosacral and occipital regions, and approximately half are associated 
with dermoid or epidermoid cysts. They may lead to recurrent infection or to focal 
symptoms secondary to compression of the cord or cauda equina. Their delinea- 
tion by MRI is improved by addition of contrast-enhanced T1-weighted sequences 
with fat saturation. 

Spinal lipomas are the most common occult spinal dysraphism, and are likely 
also due to improper disjunction during neurulation. They can be further catego- 
rized as intradural lipoma, lipomyelocele or lipomyelomeningocele, and 
fibrolipomas of the filum terminale. Intradural lipomas may not have an associ- 
ated defect in the bone of the spinal canal, and usually appear as well-defined fatty 
dorsal intradural masses (hypodense on CT and T1 hyperintense on MRI) that 
are in direct contact with neural tissue. Occasionally these lipomas are large enough 
to compress the spinal cord. The most frequent locations are the thoracic and 
cervical spine. Lipomyeloceles and lipomyelomeningoceles refer to myeloceles and 
myelomeningoceles in which the placode (dorsal surface of the unclosed neural 
tube) is adherent to a lipoma, which is covered by intact skin. They are not asso- 
ciated with Chiari Hl malformations, although approximately 5% are associated 
with Chiari I. Fibrolipomas of the filum terminale appear as linear foci of 
hypodensity and T1 hyperintensity along an abnormally thickened filum terminale 
(diameter >1 mm at the L5-S1 level). These can be very subtle but still cause 
symptoms due to associated tethering of the spinal cord. The normal filum is 
usually not seen on MRI, because it extends inferiorly from the conus medullaris 
to the bottom of the subarachnoid space and exits the dura to attach to the first 
coccygeal vertebral body. 
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On MRI, the abnormal filum is 
short and thick, and usually accom- 
panies an abnormally low conus 
medullaris, located caudal to the L2 
level. Affected patients can present 
at any age with back pain, bladder 
dysfunction, and sensory and motor 
changes in the lower extremities. 
Neurological abnormalities are pre- 
sumably caused by hydromyelia and/ 
or injury to the spinal cord due to 
chronic tension, and may manifest 
as low T1 and high T2 SI within the 
central cord on MRI. Children can 
also have orthopedic deformities 





Figure 13. Split-cord malformation in the 
upper thoracic spine. (transaxial T1-WIl) 


such as scoliosis and clubfeet. 

Split-cord malformations are 
considered a subtype under the group 
of split notochord syndromes, which also include dorsal enteric fistulae, sinuses, 
diverticulae and cysts. All are probably due to abnormal splitting of the notochord 
during embryogenesis. The latter four entities will not be discussed here, but are 
thought to result from abnormal persistent connection of the neural ectoderm and 
enteric endoderm. Split-cord malformations, also known as diastematomyelia, refer 
to partial or complete sagittal splitting of the spinal cord into two symmetric or 
asymmetric hemicords (Fig. 13). The intervening septum may be bony (in about 
half of all cases) or fibrous. The splitting usually occurs along the lower thoracic and 
lumbar spine. Children frequently have cutaneous lesions over the spine (e.g., dimples, 
nevi, hairy patches, hemangiomas), scoliosis and clubfeet. Split-cord malformations 
are almost always associated with significant segmentation anomalies, especially fu- 
sion of the lamina of adjacent vertebral bodies. Transaxial T1- and T2-WI must be 
obtained to evaluate for a fatty and/or thickened filum and any associated hydromy- 
elia. Transaxial T2*-WI are useful for investigating the septum, which appears 
hypointense if ossified or large. 


Spinal Masses 

As with the brain, it is essential to determine whether masses in the spine arise 
from within (intramedullary) or outside the spinal cord parenchyma (extramedul- 
lary). Intramedullary lesions are typically inseparable from and cause expansion of 
the spinal cord in all 3 imaging planes (Table 15). Extramedullary masses com- 
monly demonstrate well-defined margins and can indent or compress the adjacent 
spinal cord (Table 16). Extramedullary masses can also be further characterized as 
within (intradural) or outside the dura (extradural). MR is the imaging modality of 
choice for all spinal masses; pre- and postcontrast T1-weighted images in all 3or- 
thogonal planes and sagittal T2-weighted images are essential to properly character- 
ize the lesion(s). It should be noted that there are many extradural tumors that arise 
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primarily in the vertebral bodies. They will not be discussed beyond listing several 
examples: Langerhan’s cell histiocytosis, aneurysmal bone cyst, osteoblastoma, chor- 
doma and osteogenic sarcoma. 

Children with intramedullary masses or spinal-cord compression caused by ex- 
tramedullary masses typically present with myelopathy. Symptoms include weak- 
ness of the extremities and trunk, gait disturbances, additional motor abnormalities 
(e.g., rigidity, muscle spasm), back pain, dysesthesia, sensory loss and sphincter dys- 
function. Distribution of motor and sensory deficits will obviously depend on the 
spinal levels affected. Larger masses or those that extend into the neuroforamina can 
also produce radicular symptoms by impinging on specific nerve roots. 
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Figure 14. Arachnoid cyst. Homogeneous extra-axial collection along the left me- 
dial superior frontal lobe. Isointense to CSF. (sagittal T1-WI; axial T2-WI) 


Figure 15. Choroid plexus papilloma in 
the fourth ventricle. Noncommun- 
icating hydrocephalus with dilation of 
the temporal horns of the lateral ven- 
tricles. (transaxial T1-WI with contrast) 
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Figure 16. Convexity meningioma that enhances brightly. The dural tail is clearly 
visible. (coronal T1-WI following contrast) 


Figure 17. Bilateral enhancing cere- 
bellopontine angle masses extending into 
the internal auditory canals, consistent 
with bilateral vestibular schwannomas 
and NF2. (coronal T1-WI with contrast) 
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Figure 18. Cerebellar juvenile pilocytic astrocytoma. Small enhancing nodule in 
the cerebellum without prominent flow voids. Mild mass effect. (transaxial T1-WI 
with contrast, and T2-WI) 


Figure 19. Atypical rhabdoid teratoid 
tumor in the posterior fossa. (sagittal 
T1-WI with contrast) 




















Figure 20. Diffuse brainstem glioma. T1-hypointense and T2-hyperintense intra-axial 
mass involving most of the midbrain and pons. (transaxial T1-WI with contrast, and 
T2-WI) 
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Figure 21. Large discrete cervicomedullary 
juvenile pilocytic astrocytoma with a 
cystic component. (sagittal T1-WI with 
contrast) 




















Figure 22. Ependymoma. Heterogeneous enhancing T1-hypointense and 
T2-hyperintense mass in the fourth ventricle. The tumor extrudes through the fora- 
men magnum. (transaxial T2-WI, and sagittal T1-WI with contrast) 
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Figure 23. Hemangioblastomaa. Irregular, strongly enhancing mass in the cerebel- 
lum. Cysts present. Prominent flow voids seen on transaxial T2-WI. (transaxial T1-WI 
with contrast, T2-WI) 

















Figure 24. Medulloblastoma. Heterogeneous T1-hypointense and T2-hyperintense 
mass inseparable from roof of the fourth ventricle. (transaxial T1-WI, and sagittal 
T2-WI) 
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Figure 25. Supratentorial astrocytoma. Heterogeneous, predominantly 
T2-hyperintense mass centered in the deep gray nuclei. Small areas of enhance- 
ment. (transaxial T1-WI with contrast, and T2-WI. 


Figure 26. Ganglioglioma of the tem- 
poral lobe in a teenager presenting 
with seizures. (transaxial TI-WI with 
contrast) 
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Figure 27. Large, left, hemispheric, irregular, heterogeneous, dense, enhancing 
PNET with cystic components and punctate calcifications. (CT, FLAIR, T1-WI 
with contrast) 
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Figure 28. Chiasmatic astrocytoma. 
Homogeneously enhancing suprasellar 
mass. The chiasm cannot be defined. 
(coronal T1-WI with contrast) 





Figure 30. Large multicystic craniophar- 
yngiomaa. (sagittal T1-WI with contrast) 





Figure 29. Craniopharyngioma. Lobu- 
lated hypodense suprasellar mass with 
peripheral calcifications. (transaxial CT) 





Figure 31. Suprasellar germinoma with 
extension inferiorly along the pituitary 
stalk. (coronal T1-WI with contrast) 
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Figure 32. Hypothalamic hamartoma. Small nonenhancing nodule that is isointense 
to gray matter, and located in the hypothalamic region. (coronal T2-WI, sagittal 
T1-WI with contrast) 














Figure 33. Pituitary adenoma filling the 
sella and extending into the suprasel- 
lar space. (coronal and sagittal TI-WI 
with contrast) 











Figure 34. Rathke’s cleft cyst. Well- 
defined oval focus of decreased en- 
hancement in the midline upper pitu- 
itary gland, abutting the optic chiasm. 
(coronal T1-WI with contrast) 
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Figure 35. Germinomaa. Slightly heterogeneous, mildly enhancing T1-hypointense, 
T2-hyperintense mass in the pineal region. (transaxial T1-WI with contrast, and T2-WI 

















Figure 36. Pineal cyst. Well-defined homogeneous (nonenhancing) T1-hypointense 
and T2-hyperintense cyst-like mass in the pineal region. (sagittal T1-WI, and 
transaxial T2-WI) 


Figure 37. Pineo- 
blastoma causing 
noncommunicating 
hydrocephalus. 
(transaxial T1-WI, 
without and with 
contrast) 
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Figure 38. Complete absence of the cor- 
pus callosum with abnormal parallel 
configuration of the lateral ventricles. 
(sagittal T1-WI) 





Figure 40. Chiari Il. Small posterior fossa 
with inferior herniation of the cerebel- 
lar tonsils, beaking of the tectum, tow- 
ering of the vermis and hypoplasia of 
the falx. Small gray-matter heterotopias 
along the lateral margins of the ven- 
tricles. (sagittal T1-W1) 


Figure 39. Chiari |. Inferior herniation 
and “peg-like” configuration of the cer- 
ebellar tonsils. (sagittal T1-W1) 





Figure 41. Dandy-Walker malformation. 
High insertion of the torcula with hypo- 
plasia of the cerebellar vermis. (sagittal 
T1-WI) 
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Figure 42. Subependymal heterotopia. 
Multiple nodules lining lateral margins 
of lateral ventricles. Isointense to gray 
matter. (transaxial T2-WI) 




















Figure 43. Semilobar holoprosencephaly. Absent septum pellucidum separating 
the lateral ventricles. Dysgenesis of anterior corpus callosum. (sagittal and coronal 
T1-WI) 
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Figure 44. Lissencephaly. Diffuse lack of 
sulcation. Callosal agenesis. (transaxial 
T2-WI) 





Figure 45. Polymicrogyria. Abnormal 
morphology of gyri in both frontal lobes. 
Excessive fine irregularity of cortex, con- 
sistent with dense polymicrogyria, mim- 
icking pachygyria. (transaxial T2-WI) 


Figure 46. Closed-lip schizencephaly. 
Cleft along left frontal lobe, extending 
to left lateral ventricle, lined with gray 
matter. (coronal T1-WI) 
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Figure 47. NF1. Enhancing T1-hypointense mass along the optic chiasm. Enlarge- 
ment of optic nerves. (sagittal T1-WI, without and with contrast) 





Figure 48. NF1. Areas of T2-hyper-in- | Figure 49. NF1. Bilateral enhancing 
tensity represent abnormal areas of my- _ Masses extending out through the lum- 
elination. (coronal T2-WI) bar neural foramina, consistent with 
neurofibromas. (transaxial T1-WI with 
contrast and fat saturation) 


Figure 50. NF1. Enhancing intradural 
and extramedullary nodules within the 
lumbar spinal canal, consistent with 
neurofibromas. (sagittal T1-WI with con- 
trast and fat saturation) 
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Figure 51. NF2. Bilateral enhancing 
cerebellopontine angle masses extend- 
ing into the internal auditory canals, 
consistent with bilateral vestibular 
schwannomas. (coronal T1-WI with 
contrast) 





Figure 53. Tuberous sclerosis complex. 
Multiple scattered T2-hyperintense foci, 
consistent with “tubers.” (transaxial 
FLAIR) 





Figure 52. Tuberous sclerosis complex. 
Extensive calcifications. (transaxial CT) 





Figure 54. Tuberous sclerosis with giant- 
cell tumor. Large enhancing intraven- 
tricular mass at the foramen of Monro, 
consistent with giant-cell tumor. 
(transaxial T1-WI with contrast) 
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Figure 55. Acute disseminated encepha- 
lomyelitis. Scattered foci of intramedul- 
lary T2 hyperintensity within the cervi- 
cal and upper thoracic spinal cord. 
(sagittal T2-WI) 




















Figure 56. Astrocytoma of the cervical cord. Heterogeneous enhancing T1-hypointense 
and T2-hyperintense intramedullary mass. (sagittal T1-WI with and without contrast) 

















Figure 57. Ependymoma of cervical cord. Peripherally enhancing, partially cystic, 
intramedullary mass expanding the upper cervical spinal cord. (sagittal T1-WI with 
contrast, T2-WI) 
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Figure 59. Epidural abscess. Large epi- 
dural T2-hyperintense (compared to 
CSF) collection along ventral lumbar 
spinal canal. (sagittal T2-WI with fat 
saturation) 





Figure 60. Drop metastases from germi- 
noma. Abnormal enhancing intradural 
and extramedullary nodule in the left 
thecal sac at the L5-S1 level. (sagittal 
T1-WI with contrast and fat saturation) 




















Figure 61. Spinal cord lipoma. Tethered cord with intradural T1-hyperintense li- 
poma along the dorsal upper sacrum. Lipoma becomes markedly hypointense on 
sagittal T2-WI with fat saturation. (sagittal T1-WI, and T2-WI with fat saturation) 





CHAPTER 3 


Neurotrauma 


Nathan R. Selden 


Craniocerebral Trauma 


Initial Evaluation and Resuscitation 
Centers that emphasize coordinated, protocol-driven care of pediatric 
neurotrauma victims, including stabilization in the field, emergency room evalua- 
tion, and acute and rehabilitative care, obtain the best neurological and medical 
outcomes and also reduce cost. Emergency medical personnel in the field follow 
protocols developed by local institutions, generally in accordance with American 
College of Surgeons trauma guidelines. Key elements of prehospital care for trauma 
victims with suspected nervous system injury generally include: 
¢ Maintenance of airway, breathing and circulation. 
¢ Stabilization of the spine using a cervical collar and backboard. The rela- 
tively high head-to-body ratio in small children often requires padding 
underneath the shoulders so that the cervical spine is in a neutral position. 
¢ Assessment of level of consciousness, Glascow Coma Score and gross ex- 
tremity movement. 
¢ ‘Treatment of hypotension using volume resuscitation with isotonic fluids. 
¢ Strict avoidance of hypoxia, using supplemental oxygen, and avoidance 
of hypoventilation, using intubation (with in-line traction to avoid sec- 
ondary spinal-cord injury) and assisted ventilation. Mild hyperventila- 
tion may be used temporarily in the presence of brain herniation syn- 
drome (see below). 
¢ Insome cases, administration of mannitol for suspected intracranial hyper- 
tension and/or solumedyol for suspected spinal-cord injury. 
¢ Sedation and pharmacological paralysis only if needed for intubation or 
agitation. Short-acting medications are used to allow neurological evalu- 
ation by a neurosurgeon upon arrival at the hospital. 
¢ Rapid transport to an accredited trauma center with a neurosurgical team. 


Physical Examination 
In the emergency room (E.R.), the trauma team undertakes a more systematic 
evaluation of the patient. The neurosurgical consultant focuses on the following 
details: 
¢ Glascow Coma Score (GCS; see Table 1). 
¢ Pupillary examination and extraocular muscles: size, shape, reactivity of pupil 
to light, eye movements (IIIrd, [Vth, VIth cranial nerves and midbrain). 
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Table 1. Glascow coma score 








Eye Opening Verbal Response = Motor Response Score 
Obeys commands 6 

Oriented Localizes painful stimulus 5 

Spontaneous Confused Withdraws from pain 4 

To voice Inappropriate Decorticate posturing 3 
words (flexion) 

To pain Incomprehensible | Decerebrate posturing 2 
sounds (extension) 

None None None 1 





The scores for each component are totaled. Severe head injury is defined as GCS=3 to 
8, moderate head injury GCS=9 to 12, and mild head injury GCS=13 to 15 


¢ Facial symmetry and corneal reflex (Vth and VIIth cranial nerves and pons). 

¢ Gag reflex, tongue movements and respiratory effort (Xth and XIIth cra- 
nial nerves and medulla). 

¢ Strength in major extremity muscle groups bilaterally or symmetry and 
gross strength of extremity movement (infants and toddlers). 

¢ Sensation (by dermatome, if possible). 

¢ Reflexes: biceps, patellar, ankle and plantar cutaneous (i.e., Babinski), plus 
cremasteric and bulbocavernosus if spinal-cord injury is suspected. 

¢ Inspection and palpation of head: periorbital ecchymoses (Racoon’s eye), 
retro-mastoid ecchymoses (Battle’s sign), cerebrospinal fluid (CSF) rhinor- 
thea or otorrhea, hemotympanum, lacerations and calvarial skull fractures. 

¢ Inspection and palpation of the spine (trauma team log-rolls patient with 
cervical collar in place). 

¢ Fundoscopic examination: retinal hemorrhages, retinal detachment. 


Diagnostic Imaging 

Skull Radiography 

Except in the diagnosis of nonaccidental trauma (see below), skull radiography 
no longer plays a significant role in the evaluation of acute head trauma. The pres- 


ence of skull fractures on a radiograph is relatively insensitive and nonspecific in the 
diagnosis of parenchymal injury and mass lesions. 


Computed Tomography 

Computed tomography (CT) imaging is fast, sensitive, easily available in most 
ERs, and allows full monitoring with standard equipment. For these reasons, it is 
the primary modality used in the setting of acute trauma. An urgent CT scan of the 
head, including ‘brain’, ‘bone’ and ‘blood’ algorithms, is mandatory in any patient 
with suspected head injury. Because of the greater risk of cranio-cervical instability 
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in preadolescent children, imaging should extend to the C2-3 disc space in these 
patients. (For features of traumatic lesions seen on CT scans, see Chapter 2). 


Magnetic Resonance Imaging 

Magnetic resonance (MR) imaging has a less important role in acute trauma. Rela- 
tive to CT; MR is insensitive and nonspecific in the detection of acute hemorrhage. By 
contrast, MR imaging is far superior to CT in demonstrating cerebral ischemic lesions 
caused by trauma. Diffusion and T2-weighted images, which emphasize the water con- 
tent of cerebral tissue, can demonstrate ischemic brain tissue minutes to a few hours 
after trauma (see Chapter 2). MR angiography, which images blood flow in the cerebral 
vasculature, may demonstrate the source of ischemia due to arterial dissection. This 
noninvasive method of angiography is particularly helpful in pediatric trauma patients, 
for whom catheter angiography is technically difficult and has a higher complication 
rate than in adults. Finally, MR imaging is helpful in the rehabilitation phase of severe 
head injury for prognosticating recovery from diffuse axonal injury (see below). 


Cerebral Angiography 

Cerebral angiography visualizes blood flow in the cerebral vasculature by direct 
injection of contrast media under fluoroscopic guidance. The difficulty of cannulat- 
ing small blood vessels and the risks of iatrogenic injury and dye reaction limit the 
use of this procedure in young children. Only cerebral angiography, however, pro- 
vides a route for the endovascular treatment of injuries (for example, treatment of a 
carotid dissection with an endovascular stent). 


Functional Brain Imaging 

Newer, more technologically sophisticated imaging techniques measure the me- 
tabolism, cerebral blood flow and/or function of brain tissue. These modalities in- 
clude xenon-enhanced CT, single photon emission tomography (SPECT), proton 
emission tomography (PET) and MR spectroscopy. For the most part, these tech- 
nologies are complicated to use in the acute trauma setting and are available only in 
research protocols. Xenon CT, however, can be utilized in the critical care arena and 
is now available in many neurotrauma centers. 


Early and Emergent Management 
Minor Closed Head Injury (GCS 13 to 15) 


Children who have suffered a traumatic loss of consciousness or have a tran- 
siently altered neurological examination are generally admitted overnight to a hos- 
pital or observation unit (see Table 2). Extremely rarely, a child with a ‘minor closed 
head injury and a benign admission CT scan will deteriorate neurologically. This 
may be due to cerebral edema, often exacerbated by hyponatremia and/or 
post-traumatic seizures, or expansion of a tiny intracranial hematoma that may not 
have been noted on an initial CT (often because of artifact from the adjacent skull). 
Any child who suffers deterioration in GCS or neurological examination should 
immediately undergo repeat neurosurgical evaluation and CT scan. 

Patients with a GCS of 15 and a normal neurological examination may be 
discharged 18 to 24 hours after injury if reliable caregivers agree to continue 
home observation for 48 hours. No further imaging is necessary. Parents should 
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Table 2. Routine admission orders for patients with minor closed head injuries 





¢ Admit to pediatric ward, trauma ward or neurosurgical service. 

¢ Vitals per protocol with every hour neurological checks. 

¢ Head of bed elevated at 30 degrees. Ambulate with assistance (after spine 
clearance). 

Diet: NPO overnight, then regular as age appropriate. 

IV capped. 

Medications: Tylenol as needed for pain. 

Laboratory studies: Serum sodium, glucose. 





be counseled prior to discharge regarding ‘post-concussive syndrome’ and referred 
for a single visit to a medicine or physiatry closed-head-injury follow-up clinic. 


Moderate Closed Head Injury (GCS 9 to 12) 

Children with moderate closed head injury should be observed in an intensive-care 
unit (ICU) setting with hourly neurological checks. NPO status should be main- 
tained for the first 12 to 18 hours and isotonic intravenous (IV) fluids should be 
administered at a maintenance rate. A neurosurgeon or critical-care physician should 
repeat a complete neurological examination 6 hours after admission. Serum sodium 
and glucose should be measured upon admission and again 6 to 12 hours later. If 
there is doubt about the child’s respiratory status or ability to guard their airway, the 
neurosurgeon and critical care team, in collaboration, should decide whether to 
sedate and intubate the patient. If the child has a GCS of 15 and a normal neuro- 
logical examination within 18 to 24 hours, they may be transferred to a regular ward 
without any further imaging and given a regular diet. Patients with an abnormal 
GCS or neurological examination after this time period should remain in the ICU 
and undergo repeat imaging. 


Severe Closed Head Injury (GCS 3 to 8) 

Children with severe closed head injury should be intubated and ventilated at 
the lower end of eucapnia (pCO2 = 36 — 40). Invasive arterial blood pressure and 
intracranial pressure monitoring (ICP; see below) should be instituted and a blad- 
der drainage catheter placed. Depending on institutional policy, the neurosurgeon 
may insert an ICP monitor in the emergency room, ICU or operating room. The 
child should then be managed in the pediatric ICU (see Table 3). Any change in 
GCS or neurological examination or new intracranial hypertension should be evalu- 
ated by the neurosurgeon, with repeat CT imaging if indicated. Repeat CT imaging 
should be obtained 12 to 18 hours after admission. 

The use of prophylactic anti-convulsant medication (generally Dilantin) in head 
injury is controversial. These drugs probably do not reduce the long-term risk of 
seizures in head injured patients. However, because early seizures may cause second- 
ary injury or exacerbate intracranial hypertension, severely head-injured patients may 
be maintained on therapeutic levels of anti-convulsant drugs for 2 weeks after injury. 
Any clinical evidence of seizure activity or sudden intracranial hypertension not ex- 
plained by CT findings should prompt evaluation by EEG and neurological consul- 
tation. Steroid drugs (e.g., Decadron) should not be given for head injury. 
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Table 3. Routine admission orders for patients with severe closed head injuries 





* Admit to pediatric intensive care unit, or trauma ICU. 

* Vitals per protocol with continuous BP, ICP and CPP monitoring and neurologi- 
cal checks every hour. 

* Bed in 20 degrees reverse Trendelenburg position until spine clearance, and 
then head of bed elevated at 30 degrees. 

* Cervical collar in place at all times (but avoid compression of jugular venous 
outflow); log roll every 1-2 hours for skin care. 

* Diet: NPO except medications. 

° IVF: 0.9 NS with appropriate KCL at maintenance rate for body surface area 
(account for insensible losses due to mechanical ventilation). 

* Dilantin: appropriate loading and maintenance doses by weight if indicated. 

* Sedation, analgesia and pharmacological paralysis according to ICU head-injury 
protocol. The overall plan for sedation level depends on stability of ICP 
management in each patient. 

* Laboratory studies: serum sodium, glucose and osmolarity every 12 hours (every 6 
hours if mannitol is given frequently). Dilantin level after 4th maintenance dose. 

* Other laboratory studies ordered as indicated by critical-care team. 





BP = blood pressure; CCP = cerbral perfussion pressure; ICP = intracranial pressure; 
ICV = intensive care unit; IVF = intravenous fluids; KCL = potassium chloride; NPO 
= nothing by mouth; NS = normal saline 


Serum sodium, glucose and osmolarity should be measured at least every 12 
hours for the first 48 hours. The critical care team should institute enteral feedings 
via a naso-jejunal tube or isotonic intravenous hyperalimentation within 24 hours 
of injury. Nutrition, physical therapy and physiatry consultation should be obtained 
by the second hospital day. Daily counseling by nursing and critical-care staff and 
the neurosurgeon and the use of written counseling materials are helpful for the 
families of head-injured children. 


Management of Intracranial Hypertension 


Devices for Measurement of Intracranial Pressure 

‘Two intracranial pressure (ICP) measurement devices represent the current stan- 
dard of treatment: the intraparenchymal pressure monitor (or ‘bolt’) and the exter- 
nal ventricular drain (or ‘ventriculostomy’). Various noninvasive methods, including 
transcranial doppler ultrasonography and MR imaging-based techniques, remain 
under investigation. External ventricular drains are small-diameter silicone tubes 
that are introduced into the lateral ventricle through a small burr hole in the skull 
(see Chapter 15 for insertion details). Blind passage of the catheter using external 
landmarks is usually adequate to cannulate the ventricle. The external ventricular 
drain is then attached with connectors to a closed, fluid-filled, sterile drainage sys- 
tem. The fluid column pressure is transduced to measure the ICP, and cerebrospinal 
fluid (CSF) may be drained to treat raised intracranial pressure. External ventricular 
drains are subject to a higher rate of infection than other ICP monitors and must be 
carefully leveled to the head of the patient to give accurate measurements. Prophy- 
lactic antibiotics are sometimes used in hopes of preventing infection. CSF speci- 
mens are collected every one to two days for infection surveillance. 
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Intraparenchymal pressure monitors utilize fiberoptic, strain-gauge or other tech- 
nology to transduce pressure around the monitor tip into a graded electrical signal 
that is transmitted to a display and recording system outside the patient. Because 
the pressure transducer is actually within the head, these systems are not influenced 
by changes in the position of the patient or bed. These monitors are purely diagnos- 
tic and cannot be used to treat elevated ICP with CSF drainage. Some manufactur- 
ers have adapted fiberoptic monitors to extend through a ventricular catheter to 
allow accurate ICP measurement and CSF drainage. 


General Principles 

Cerebral blood flow is related to the cerebral perfusion pressure (CPP), which 
equals the mean arterial blood pressure (MAP) minus the ICP: CPP = MAP — ICP. 
For this reason, ICP management is devoted in part to providing blood supply to 
cerebral tissue that is adequate to meet metabolic demands and thereby avoid 
secondary ischemic injury. 

Most centers use 20 cm H,0 or 15 mm Hg as the threshold for diagnostic and 
therapeutic intervention in severe head injury. Lower levels of ICP (<15 cm H,0, 10 
mm Hg) may be more appropriate for infants and young children. Recently, many 
experts have advocated using adequate CPP (>70 in adults), rather than controlled 
ICP, as an endpoint for severe-head-injury management. This recommendation is 
controversial, particularly in the pediatric population. Because very young patients 
normally have a much lower MAP than adults, appropriate CPP levels are difficult 
to determine. Nevertheless, the recent emphasis on CPP has reinforced the impor- 
tance of maintaining systemic blood pressure and therefore cerebral perfusion. Ino- 
tropic agents, such as dopamine, are helpful in the maintenance of normotension in 
head-injured patients. 

According to the Monro-Kellie hypothesis, ICP is determined by changes in the 
volume of intracranial contents within a rigid, closed space (the skull). ICP manage- 
ment strategies may be conveniently categorized by the component of intracranial 
contents they are intended to modify: (i) brain parenchyma, (ii) cerebral blood vol- 
ume, and (iii) CSE Naturally, any mass lesions may directly contribute to intracra- 
nial hypertension and should be removed surgically. 


Brain Parenchyma 

The actual brain tissue (1300 mL in a ‘typical’ adult) is subject to swelling due 
both to the accumulation of intracellular (1100 ml) and extracellular (200 mL) 
water, i.e., brain edema. Brain injury is classically associated with predominantly 
intracellular, or ‘cytotoxic,’ edema, as opposed to the extracellular, or ‘vasogenic,’ 
edema associated with brain tumors. 

1. Osmotic diuretics such as mannitol (1 gm/kg body weight as first dose 
in the face of impending herniation; 0.25 gm/kg every 2 hours as needed 
to reduce elevated ICP) are the principal therapy for cytotoxic brain edema 
in severe head injury. Due to the relatively intact blood-brain barrier in 
head injury, mannitol is retained in the intravascular space and creates 
an osmotic gradient-shifting extracellular water back into the vascular 
system. However, mannitol may contribute to local brain swelling in 











72 


Pediatric Neurosurgery 





severely contused regions with a defective blood-brain barrier, may exac- 
erbate neurogenic pulmonary edema, and may cause hypotension sec- 
ondary to diuresis and thereby actually worsen rather than improve cere- 
bral blood flow. Serum sodium, potassium and osmolarity should be 
checked every 6 hours when using mannitol. Mannitol may be discon- 
tinued if serum osmolarity reaches 320, to avoid renal damage. 

2. Loop diuretics such as Lasix (1 mg/kg) enhance the effects of mannitol. 
Urine output should be replaced with isotonic crystalloid or colloid 
solutions to avoid dehydration and hypotension. Systemic euvolemia is 
the goal. 

3. Use of isotonic fluids. Free water in hypotonic IV fluids may exacerbate 
brain edema. 

4, Maintenance of normoglycemia. Although the scientific evidence is mixed, 
hyperglycemia in severely head-injured patients may exacerbate brain in- 
jury through osmotic and/or metabolic mechanisms. Evidence for this 
effect is strongest in the developing nervous system. 

5. Maintenance of normotension (see above) using appropriate fluid 
resuscitation with supplemental pressors if necessary. Systemic arterial 
hypotension exacerbates cerebral ischemia, worsens cerebral edema, may 
cause secondary increases in ICP, and significantly worsens outcome. 


Cerebral Blood Volume 

1. Cerebral blood volume (total of 60 mL) is influenced by arterial inflow, 
venous drainage and cerebrovascular tone. Hypercarbia and hypoxemia 
result in pH-mediated cerebral vasodilation and must be avoided. Hyper- 
ventilation causes an alkalosis-mediated increase in cerebrovascular resis- 
tance and decrease in cerebral blood volume, thereby transiently decreas- 
ing ICP. This is particularly helpful for ‘emergency’ response to impending 
or ongoing cerebral herniation syndrome. Unfortunately, hyperventila- 
tion also may cause brain ischemia and secondary injury due to reduced 
cerebral blood flow. Hyperventilation may be still be useful in a subset of 
patients with damaged autoregulation of cerebral blood vessels and hype- 
remic intracranial hypertension, but it is no longer widely recommended. 

2. Elevation of the head to 30 degrees above the heart, in order to improve 
venous outflow and reduce intracerebral hydrostatic pressure, is 
traditionally advocated in severe head injury. This measure is now also 
controversial and some centers evaluate head position by its effects on 
ICP in each individual patient. This measure should be avoided in 
hypovolemic patients. 

3. Neutral position of the neck to avoid compression of jugular venous 
outflow helps to avoid intracranial hypertension related to venous 
congestion. 

4, Sedative drugs, narcotics and pharmacological paralytics may be used to 
avoid valsalva maneuver due to pain or tracheal irritation, which can re- 
duce venous outflow and raise ICP. 
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CSF Drainage 

Cerebrospinal fluid (total of 140 mL) production continues in the face of raised 
intracranial pressure. External ventricular drainage is dramatically helpful in lowering 
ICP and is a first-line therapy in severe head injury. Removal of 2 to 5 mL every 5 to 
30 minutes, as needed, is a common treatment, although continuous drainage with 
the collection burette raised 10 to 15 cm above the external ear canal may also be used. 


Other Strategies 

Decompressive craniotomy can increase the size of the cranium, although this 
surgical intervention is controversial. Anecdotal evidence suggests that it may be 
useful in young patients with initially high GCS who deteriorate due to severe brain 
edema. Decompressive procedures generally include wide frontal, temporal and 
parietal craniotomies with augmentation duraplasty to allow for the temporary ex- 
pansion of edematous brain without secondary increases in ICP. 

Although most therapeutic interventions for intracranial hypertension focus on 
maintaining adequate supply (i.e., cerebral blood flow), a few are directed towards 
reducing demand (i.e., brain metabolic rate). Hypothermia reduces the cerebral 
metabolic rate and cerebral blood flow and also lowers ICP. Deep hypothermia (30 
degrees C) also increases the incidence of cardiac arrhythmia and other complications. 
Although controversial, moderate hypothermia (32 to 34 deg. C) has shown benefi- 
cial effects in some clinical trials. Hyperthermia, conversely, increases brain metabo- 
lism and ICP and is deleterious to brain injured patients. Antipyretics and active 
cooling may be used to maintain normothermia to mild hypothermia. 

Continuous infusion of barbiturate drugs (often pentobarbital) results in de- 
creased cerebral blood volume, cerebral metabolic rate and ICP. Barbiturates also 
depress the peripheral circulatory system and systemic blood pressure, potentially 
decreasing cerebral blood flow. Therefore, barbiturate therapy is reserved for refrac- 
tory intracranial hypertension and requires close monitoring by the critical-care team. 
EEG monitoring is required to monitor burst suppression, and invasive hemody- 
namic monitoring is required to avoid hypotension. The duration of therapy is gen- 
erally several days to over a week. 

Finally, a number of drugs have been developed to reduce the metabolic cascade 
of secondary tissue injury after brain trauma. Calcium-channel blockers, such as 
nimodepine, may prevent calcitum-mediated neuronal damage or prevent ischemic 
vasospasm due to traumatic subarachnoid hemorrhage. Glutamate antagonists and 
antioxidative agents may protect neurons from transmitter-induced and hypoxic 
membrane damage. However, most clinical trials of these agents have been performed 
in adults, and few have shown promise even in that setting. The use of nimodepine 
for head injury in children is controversial. 


Specific Types of Head Injuries 
Diffuse Axonal Injury 


Diffuse axonal injury (DAI) is a microscopic description of the primary damage 
to brain parenchyma seen after severe closed head injury. Widespread axonal dam- 
age is caused by rotational forces and deceleration, particularly in the deep white 
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matter of the cerebral hemisphere and midbrain. The characteristic pathological 
lesion is axonal bulb formation. CT imaging may be normal or show petechial hem- 
orrhages in the midbrain (Duret hemorrhages), corpus callosum or deep hemispheric 
white matter. MR imaging is more sensitive and demonstrates punctate areas of 
increased T2 signal, suggestive of localized axonal damage and edema, in deep white 
matter. The clinical course of severe DAI typically involves coma and often raised 
intracranial pressure, with risk for secondary injury. 


Epidural Hematoma 

An epidural hematoma is a collection of blood between the dura mater and the 
inner table of the skull, usually following closed head trauma. The majority of these 
are associated with fracture of the squamous temporal bone, which can tear the middle 
meningeal artery at its exit from the skull base (foramen spinosum) or at its adjacent 
entry into the dura. However, in infants and young children, epidural hematomas 
may develop insidiously due to venous bleeding from the diploic space after a skull 
fracture or from torn dural venous sinuses. While the classic clinical presentation of 
epidural hematoma is that of a post-traumatic ‘lucid interval’ during which the pa- 
tient has normal, or near-normal, mental status, a variable clinical course is the norm. 
The lucid period is followed by rapid neurological deterioration caused by the ex- 
panding arterial blood clot. Shift of the underlying temporal lobe may result in com- 
pression of the ipsilateral oculomotor nerve and midbrain (see Table 4). 

In virtually all cases, the hematoma location should be confirmed by CT imag- 
ing prior to surgery. CT imaging often demonstrates a squamous temporal bone 
fracture, which may extend into the skull base (see Fig. 1). Care should be taken to 
inspect the foramina of the petrous temporal and sphenoid bones for possible indi- 
rect signs of carotid artery or cranial-nerve injuries. The epidural hematoma itself 
appears as a hyperdense (white) biconvex (lens-shaped) crescent underlying the skull 
(see Fig. 2). Generally, hematoma extension is limited by the attachments of dura to 
the cranial sutures (usually frontal and parietal). Effacement of the basilar CSF cis- 
terns (especially the perimesencephalic cistern lateral to the midbrain) on the side of 
the hematoma suggests impending or ongoing uncal herniation syndrome (see Table 
4). Scalp lacerations, combined with the skull fracture, may admit air to the epidu- 
ral space and/or intradural space (‘pneumocephalus). 

The treatment of epidural hematoma is most commonly surgical evacuation (cran- 
iotomy). Some centers manage small lesions (never larger than 1 cm in thickness) 
with observation and mild analgesics for associated headache. However, because 
pediatric patients have relatively small ventricles and extra-axial CSF spaces, even 
small epidural hematomas may be dangerous in children. Only trivial epidural he- 
matomas may be observed. Craniotomy for epidural hematoma involves fashioning 
scalp and bone flaps adequate to expose and evacuate the hematoma and directly 
control arterial sources of bleeding. Sutures are used to tack the outer leaf of the 
dura to the edges of the craniotomy flap before the bone is replaced, thereby obliter- 
ating the epidural space and reducing the risk of rebleeding. Any coagulation abnor- 
malities should be vigorously corrected in the perioperative period. An epidural 
drain is sometimes left for one day to evacuate residual blood or fluid. 
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Figure 1. Temporal bone fracture. Axial 
computed tomography, using a bone al- 
gorithm, demonstrates an irregular de- 
fect in the squamous temporal bone on 
the right. Acute fractures in this region 
are sometimes associated with injury to 
the middle meningeal artery and forma- 
tion of epidural hematoma (see Fig. 2). 


Figure 2. Epidural hematoma. Axial 
computed tomography, using a soft tis- 
sue algorithm, demonstrates a biconvex 
hyperdensity in the right temporal- 
parietal region. This large epidural he- 
matoma causes significant mass effect 
and midline shift. The extent of the he- 
matoma is limited by the coronal and 
lambdoid sutures. This 7-year-old pa- 
tient presented in coma but regained 
normal neurological function after sur- 
gical evacuation of the hematoma (same 
patient as in Fig. 1). 


Figure 3. Posterior fossa epidural he- 
matoma due to birth trauma. Axial com- 
puted tomography demonstrates a small 
intracranial hyperdensity, representing 
an epidural hematoma. An associated 
skull fracture and subgaleal hematoma 
are also seen. This infant presented with 
normal neurological function and recov- 
ered without any surgical intervention. 


Posterior fossa epidural hematomas account for only about 5% to 10% of the 
total, although their incidence is higher in children (see Fig. 3). They are related to 


bleeding from torn venous sinuses. Neurologically normal children with small he- 


matomas and no cerebellar compression or shift of the 4th ventricle on CT imaging 








76 


Pediatric Neurosurgery 





Table 4. Comparison of the ‘uncal’ and ‘central’ herniation syndromes 





Uncal Herniation Syndrome 


Central Herniation Syndrome 





Ipsilateral 3rd nerve palsy (dilated, 
poorly reactive pupil, often laterally 
and inferiorly deviated) 


Contralateral hemiparesis (face and 
arm, greater than leg weakness) 


Decorticate (flexor posturing of arms), 
or decerebrate posturing (extensor 
posturing of arms and legs) 


Decreased level of consciousness 


Obtundation 


Progression from purposeful motor 
activity (pushing examiner away), to 
avoidance (withdrawing from painful 





stimulus), to decorticate posturing, to 
decerebrate posturing 


Decreased level of consciousness 
or coma 


Bilateral loss of pupillary reactivity and 
or extraocular movements (midbrain 
level) 

Eventual brain death Ocular bobbing and pinpoint pupils, 
absent corneal reflexes (pontine level) 
Loss of vestibulo-ocular reflex (‘doll’s 
eyes’) and cold-water caloric reflex (low 
pontine level) 


Loss of spontaneous respiratory drive 
and gag reflex (medullary level) 


Brain death 





may undergo expectant management with close observation. When surgery is nec- 
essary, great care must be taken to avoid venous air embolism and uncontrolled 
bleeding from torn sinuses. 


Acute Subdural Hematoma 

The primary underlying brain injury associated with acute subdural hematoma 
is generally more severe than that seen with epidural hematoma, particularly in chil- 
dren. In children, subdural hematoma is often caused by local extension of hemor- 
rhagic intracerebral contusions into the subdural space. Onset of coma at the moment 
of injury is common. Localizing signs, which are less frequent than with epidural 
hematomas, depend variably on the location of the hematoma and any underlying 
cerebral contusions. 

With CT imaging, acute subdural hematomas appear as convex-concave 
(‘moon-shaped’) hyperdensities adjacent to the skull (see Fig. 4). Subdural he- 
matomas are not limited by dural suture attachments and frequently tend to cover 
most or all of the cerebral hemisphere (‘pan-hemispheric’). Poor differentiation of 
the underlying gray-white matter junction may be due to cerebral edema and/or 
ischemia. 
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Figure 4. Acute subdural hematoma. 
Axial computed tomography in this ado- 
lescent motor-vehicle crash victim dem- 
onstrates a moderate-sized hyperdensity 
in the left frontal region. The abnormal- 
ity is crescent shaped and is not limited 
in extent by adherence of the dura to 
cranial sutures. At operation, an acute 
subdural hematoma was identified and 
successfully evacuated. 





Acute subdural hematomas result from accidental and nonaccidental trauma, as 
well as birth trauma. Generalized seizures and severe cerebral edema are relatively 
common in the presence of traumatic subdural hematomas. Critical care interven- 
tions to control the impact of these complications (outlined above) should be ag- 
gressively pursued. The hematoma and edematous injured brain may result in shift 
of midline structures (such as the interhemispheric fissure) away from the midline 
skull and dural landmarks, and efface the basilar cisterns. A large amount of midline 
shift with only a thin hematoma generally results from severe underlying brain in- 
jury and edema and carries a particularly grim prognosis. At any time during this 
clinical sequence, the patient may demonstrate the Cushing reflex—systemic arte- 
rial hypertension and bradycardia—which is also a secondary sign of severe intracra- 
nial hypertension. A large, unilateral subdural hematoma may cause an ‘uncal 
herniation syndrome.’ By contrast, severe diffuse brain injury and/or bilateral sub- 
dural hematomas may cause a ‘central herniation syndrome’ (see Table 4). Treat- 
ment of subdural hematoma involves steps to reduce cerebral edema, as outlined 
above, and craniotomy for surgical removal of the hematoma. Indications for re- 
moval are: 

1. Thickness greater than 5 to 10 mm. 

2. Raised intracranial pressure with a hematoma of any size that might con- 
tribute to ICP elevation. 

3. Local mass effect with corresponding neurological deficit. 

4. Difficult-to-control seizures (controversial). 

Subdural hematomas are evacuated by open craniotomy. Extreme care is taken 
to avoid uncontrolled bleeding from torn venous sinuses, which may be rapidly fatal 
due to the small blood volume of pediatric patients. Small areas of clotted hematoma 
over the bleeding source may be left in place or reinforced with hemostatic agents. 
Because of the narrow subdural space in normal children and the risk of infection, a 
postoperative subdural drain is rarely used, although subdural-to-peritoneal shunt- 
ing may be necessary for recurrent fluid collections. 
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Chronic Subdural Hematoma 

By two weeks, subdural hematomas are generally liquified, with the gross 
appearance of ‘motor oil.’ On CT imaging, chronic subdural hematomas appear 
hypodense (blacker) than adjacent brain. Chronic subdural hematomas may also 
develop thick and organized membranes with prominent vasculature, which are 
well-demonstrated on enhanced CT or MR imaging. These vascular membranes 
are a common source of rebleeding leading to enlargement of the hematoma. 
Chronic subdural hematomas may be clinically occult, or may cause focal neu- 
rological deficits, seizures or macrocephaly. Chronic hematomas are drained by 
placement of burr holes and may also require craniotomy if they contain orga- 
nized vascular membranes. 

In children, the subject of ‘chronic subdural effusion’ or “benign extra-axial 
hydrocephalus’ deserves attention. This entity has not been uniformly defined 
but generally refers to infants and toddlers with a large head circumference (of- 
ten > 95th percentile) and enlarged subarachnoid and/or subdural CSF spaces. 
Some of these children have a family history of large head circumference and 
usually follow a benign clinical course. Other cases are thought to result from 
repeated minor subdural or subarachnoid hemorrhages over time. The latter 
children sometimes require subdural-to-peritoneal shunting because of severe 
macrocephaly, chronic neurological deficit or developmental delay. Some ex- 
perts maintain that benign subdural effusions can convert to hemorrhagic effu- 
sions as the result of everyday minor head trauma common in infants and 
toddlers. Others argue that all cases of hemorrhagic subdural effusion represent 
nonaccidental trauma. 

With hemorrhagic subdural effusions, CT imaging demonstrates slightly 
higher CSF attenuation in the extra-axial spaces than in the ventricles (see Fig. 
5A). MR imaging more accurately demonstrates the presence of organized mem- 
branes and loculated subdural fluid collections of varying fluid density (ie., 
protein level) (see Fig. 5B). Benign subdural effusions appear in CT and MR 
imaging as an enlarged but otherwise normal subarachnoid space. 


Intracerebral Hematoma 

Intracerebral hematoma after head injury represents a continuum of cerebral 
contusion consisting of predominantly disrupted, edematous brain tissue with a 
small amount of blood, to large, confluent hematomas within a contused cerebral 
hemisphere. Indications for open surgical evacuation by craniotomy vary between 
surgeons but include: 

1. Local mass effect with associated focal neurological deficit. Because the 
deficit may be related to contusion of surrounding brain, hematoma evacu- 
ation will not always result in improvement. 

2. Raised intracranial pressure. 


Sa 


Persistent seizures corresponding to the location of the hematoma. 
4, Prevention of secondary injury cascade from thrombin and other he- 
matoma products. 
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Figure 5. A) Acute and chronic subdural hematomas. Axial computed tomography 
demonstrates hypodense, subdural fluid collections in the frontal region and a 
hyperdense collection in the right occipital region. This infant also had long bone 
fractures and retinal hemorrhages, suggesting a diagnosis of nonaccidental trauma. 
The frontal collections represent proteinaceous subdural hygromas and the occipi- 
tal collection represents an acute subdural hematoma. MR imaging is more sensi- 
tive in detecting this type of injury. B) Acute and chronic subdural hematomas. 
T1-weighted, axial MR imaging demonstrates mixed signal and presumably mixed 
age blood and proteinaceous fluid collections in the subdural space. 


Skull Fracture 

Calvarial fractures in children are generally linear, although compound and 
‘ping-pong’ (rounded, indented) fractures are also seen. Diastatic fractures, consist- 
ing of traumatic separation of cranial bones at the sutures, are more common in 
children than adults. In infants and young children with growing skulls, many frac- 
tures will adequately remodel without intervention. Indications for the surgical treat- 
ment of depressed fractures include: 

1. Cosmetic deficit (depression visible on forehead). 

2. Depressed skull fracture (outer table on one side of fracture line is indented 
past the inner table on the other) with compression of underlying brain 
parenchyma (particularly if there is an associated neurological deficit). 

3. Open depressed skull fracture (scalp laceration over skull fracture), par- 
ticularly ifintradural pneumocephalus or CSF leak through skin suggests 
the presence of a dural tear and thus risk for intradural infection. 

4. Underlying extra-axial or intracerebral hematoma that requires evacuation. 

There is little evidence that the elevation of depressed skull fractures reduces the 
incidence of chronic seizure disorder. Children less than 1 year of age are at risk for 
growing skull fractures, sometimes referred to as leptomeningeal cysts. All small 
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Table 5. Common cranial nerve injuries after head injury 





Cranial Nerve Features 





|—Olfactory Possibly the most common cranial nerve injury. May be due 
to traction on olfactory bulbs during deceleration injury or 
to fracture of the cribiform plates. 


I|—Optic Direct traction or compression injury of the optic nerve may 
cause pupillary abnormalities. These abnormalities may also 
be due to third nerve injury from brain herniation. Orbital 
injury may also cause pupillary or extraocular movement 
abnormalities. The neurosurgeon must decide if pharmaco- 
logical pupillary dilation is safe in the acute trauma setting. 


\II—Oculomotor Direct compression of the IIlrd nerve by the displaced 
uncus of the temporal lobe. 


IV and VI—Trochlear May be due to immediate traction injury or as an indirect 


and Abducens sign of raised intracranial pressure. 

Vil and VIlll—Facial May be due to brainstem injury or temporal bone fracture. 
and Otolaryngology evaluation and hearing tests before 
Vestibulocochlear discharge are mandatory for patients with petrous 


temporal-bone fractures. 





children with a skull fracture should be examined 3 months after injury to look for 
a pulsatile mass over the fracture site. These slowly expanding masses may contain a 
pseudomeningocele with or without herniated cerebral tissue. Infarct, seizure disor- 
der, CSF leak or new neurological deficit may result. Surgery requires excision of the 
pseudomeningocele and dural repair. 

Skull-base fractures can produce clinical signs such as raccoon’s eyes (frontal fossa 
fractures) or Battle’s sign, and hemotympanum (petrous temporal bone fractures). 
Clinical evidence of CSF leak should be sought (CSF otorrhea or rhinorrhea). Care- 
ful examination of all cranial nerves is mandatory to rule out injury within their 
skull-base foramina (see Table 5). Surgery is rarely indicated for skull-base fractures. 
Persistent CSF leak and/or meningitis from presumed CSF leak are exceptions. 


Extracranial Hematomas 

Subgaleal hematomas fill the large potential space between the galea and perios- 
teum. In neonates and infants, up to 250 cc of blood (a life-threatening hemor- 
rhage) can accumulate in the subgaleal space, and are not restricted to the suture 
sites. Subgaleal hematoma commonly results from birth injury. Hematocrit should 
be followed closely and transfusions given if needed. Surgical evacuation is rarely 
indicated. Needle drainage should be avoided because of the potential for infection. 
Most lesions spontaneously resolve. 

Subperiosteal hematomas (equivalent to ‘cephalohematomas) are limited in ex- 
tent by sutural attachments of the periosteum to the outer table of the skull. They 
may result from birth or other trauma and are commonly associated with a linear 
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Figure 6. Calcified cephalohematoma. 
Axial computed tomography demon- 
strates a calcified, subperiosteal mass 
in the right parietal region. Formation 
of a cephalohematoma in this location 
had been noted at birth. 





skull fracture. In the presence of a fracture, communication with an associated epidural 
hematoma indicates the potential for sudden neurological deterioration due to mass 
effect. Surgical drainage is indicated only for related problems (e.g., associated epi- 
dural hematoma, depressed skull fracture). Occasionally, subperiosteal hematomas 
calcify and require late surgical intervention for cosmetic reasons (see Fig. 6). 


Penetrating Head Injury 

In the United States, cranial gunshot wounds (GSW) frequently cause morbid- 
ity and death in children and adolescents. More than two thirds of cranial gunshot 
wounds are fatal. Survivable injuries are most often functionally and cosmetically 
mutilating. Prevention is the only truly effective therapy for this problem. 

GSW are categorized by muzzle velocity. Low-velocity (<250 m/s) weapons, in- 
cluding most handguns, predominantly cause injury by direct trauma from projectile, 
bone and soft-tissue fragments. High-muzzle-velocity (>750 m/s) weapons, including 
most military weapons and hunting rifles, cause widespread parenchymal destruction 
resulting from shock waves and tissue cavitation. These injuries are often immediately 
fatal. Evaluation of GSW victims is similar to that for other head injured patients. 
Entrance and exit wounds should be shaved and carefully inspected. Anterior- 
to-posterior (AP) and lateral skull radiographs may help to identify missile fragments 
and prove useful for forensic purposes. The decision whether to treat a gunshot injury 
must be reached in consultation with the patient’s family. Poor prognostic factors that 
may, in combination, mitigate against aggressive treatment include: 

Low GCS (3 to 5). 

‘Trajectory across the midline. 

‘Trajectory across the basal ganglia and/or diencephalon. 
‘Trajectory across the ventricles. 

Brainstem injury. 


GN Ps eo 


Extensive bihemispheric injury. 

Patients with a survivable injury and for whom the family requests aggressive 
treatment should be resuscitated in the emergency room. Preoperative angiography 
should be obtained if the bullet trajectory is in close proximity to major intracranial 
vessels or if a large, focal, intracranial hematoma is present. Urgent operation is then 
indicated to debride entry and exit wounds, control bleeding and remove accessible 
bone and missile fragments. Exenteration and packing of air sinuses traversed by the 
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missile and watertight dural closure reduce the risk of CSF leak and intracranial 
infection. Comatose patients require intracranial pressure monitoring and aggres- 
sive ICP management. Any salvageable patient with a posterior fossa (i.e., cerebel- 
lar) injury should undergo urgent craniotomy for debridement and decompression. 
Such patients can deteriorate from a GCS of 15 to fatal brainstem compression in a 
matter of minutes due to fulminant cerebral edema. 

Cranial GSW may be complicated by various other events such as seizures, 
intracerebral abscesses, pseudo-aneurysms, hydrocephalus and sudden ventricu- 
lar/aqueductal obstruction (rare). Prophylactic antibiotic and anticonvulsant medi- 
cations are often employed. Early therapy, neuropsychology and rehabilitation 
consultation are necessary. 


Nonaccidental Head Injury 

Although seen from birth through adolescence, this diagnosis is most common 
in children under 3 years of age. Evaluation of a child for head injury outside the 
setting of a well-documented motor vehicle or other accident must include consid- 
eration of nonaccidental trauma. Unless a plausible mechanism of injury is appro- 
priately described and independently verified by any involved adults, further 
investigation is warranted. 

A thorough physical examination should be undertaken to detect bruises, burns, 
abnormalities in the bone and other evidence of previous injuries. A skeletal X-ray 
survey should be obtained to document any previous fractures. Opthalmalogical 
examination should be ordered to look for retinal hemorrhages, which are a sign of 
acceleration-deceleration injuries (i.e., ‘shaking-impact syndrome). 

Investigation of possible nonaccidental trauma should be carried out by a 
child-abuse evaluation team. Both federal and state laws mandate medical and other 
professionals in contact with injured children to report possible nonaccidental trauma 
to legal authorities and/or to obtain consultation from a registered child-abuse evalu- 
ation team. Civil liability for failure to diagnose and/or report child abuse also per- 
tains to practicing neurosurgeons. 


Shaking-Impact Syndrome 

Previously known as ‘shaken-baby syndrome,’ many experts now feel that severe 
deceleration injuries (i.e., swinging the head against an immobile object such as a 
wall) are often involved. Clinically, varying degrees of brain injury are noted, associ- 
ated with acute subarachnoid, subdural and retinal hemorrhages. Some children 
may present with acute subdural hematoma and chronic, proteinaceous extra-axial 
fluid collections suggestive of multiple traumatic episodes. 

Acute management of shaking-impact syndrome involves operative removal of 
significant intracranial hemorrhages when these are present. The role of intracranial 
pressure monitoring and ventricular drainage is controversial in young infants with 
widely open sutures and fontanelles. Unfortunately, infants with injuries severe 
enough to cause prolonged coma and cerebral edema commonly have devastating 
neurological outcomes in any case. Chronic extra-axial fluid collections are gener- 
ally treated with subdural-to-peritoneal shunting. 
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Birth Injury 

Brain injury at birth may result from a combination of mechanical forces im- 
posed by the birth canal, obstetrical delivery, or forceps and suction devices, and 
temporary hypoxia. External signs of cranial birth trauma include caput succeda- 
neum, which consists of localized scalp edema from cranial molding in the birth 
canal, and subgaleal and subperiosteal hematomas (see above). 

Linear skull fractures from cranial molding or small depressed fractures caused 
by the delivering hand or instrument are common. They rarely require surgical in- 
tervention unless there is an associated underlying hematoma. Spontaneous skull 
remodeling generally avoids cosmetic deficit. Intracranial hematomas in newborns 
often present with the occurrence of a seizure, poor feeding, a tense fontanelle or 
rapid head growth. Epidural hematomas are relatively rare in newborns, but like in 
older children, are usually associated with a skull fracture. Any significant epidural 
hematoma should be surgically evacuated. Small subdural hematomas are not un- 
common after a difficult birth and generally present with a seizure in an otherwise 
well baby. Evacuation is rarely necessary and may be quite dangerous if torn dural 
sinuses that would otherwise spontaneously heal are uncovered. Large subdural he- 
matomas with mass effect and causing neurological deficits must be surgically evacu- 
ated. Extreme care should be taken to prepare for adequate anesthetic management 
and blood product resuscitation in the event of uncontrolled venous bleeding dur- 
ing the procedure. 

Intraventricular hemorrhage is much more common in preterm infants than 
full-term babies. The relationship between mechanical trauma, hypoxia and hem- 
orrhage risk is poorly understood. In both term and preterm infants, intraven- 
tricular hemorrhage may be managed with serial lumbar puncture, transfontanelle 
ventricular taps or CSF drainage using a blind-end ventricular access device in the 
subgaleal space. The latter is now generally preferred. Infants that cannot be weaned 
from periodic CSF drainage subsequently undergo permanent ventriculoperitoneal 
shunting. 


Prognosis 

Recovery from mild head injury in children, particularly when post-traumatic 
amnesia persists for less than 24 hours, is generally complete. Neuropsychological 
testing 1 year after injury demonstrates no difference between mildly injured and 
age-matched uninjured controls. In the short term, however, many children may 
suffer from ‘post-concussive syndrome.’ Headaches, emotionality, impulsiveness, in- 
attentiveness and poor school performance may occur for as long as 3 to 6 months 
after injury. Neuropsychology follow-up visits are helpful in counseling parents and 
guiding home and school interventions during this time period. 

Recovery after moderate or severe head injury in children is more variable and 
difficult to predict. Approximately 75% of children survive severe head injury and 
over 40% experience a good long-term outcome: normal neurological function or 
independent living with limited neurological deficits. Several categories of children, 
however, have a grim prognosis for neurological development leading to indepen- 
dent function: severely injured infants (including victims of shaking-impact syndrome), 
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children with an initial GCS of less than 5, children suffering from traumatic cardiac 
arrest, children with extensive Duret hemorrhages and/or cortical and subcortical T2 
hyperintensities on MRI imaging, children with prolonged systemic hypotension 
after injury, and children with prolonged and severe intracranial hypertension (>40 
cm H,O). Usually, a combination of the above findings is present in children with 
poor or vegetative outcomes. 

Careful neurological follow-up is necessary for the first year after a severe head 
injury in children. Various treatable complications of head injury may develop dur- 
ing this interval. In infants, growing skull fractures may appear and result in cos- 
metic deformity, seizures, CSF leak or new neurological deficit (see above). 
Post-traumatic seizure disorder will occur in roughly 5% of severely head injured 
children. Early use of anti-convulsant medication after head injury does not alter 
the risk of developing a persistent seizure disorder. However, recognition and treat- 
ment of post-traumatic epilepsy will improve the ultimate outcome. Finally, occa- 
sional cases of post-traumatic hydrocephalus or subdural hygroma will cause delayed 
neurological deterioration. Diagnosis and surgical treatment of these lesions may 
dramatically improve outcome. 


Spinal Trauma 

Spinal column and cord injuries are relatively uncommon in children, constitut- 
ing less than 5% of all spinal injuries. Spinal injuries also follow a different pattern 
in children than in adults. Birth injury, shaking-impact injury, falls and sporting 
injuries cause most childhood spinal-cord injury (SCI) while motor-vehicle crashes 
cause most SCI in late adolescence and adulthood. 

A child’s head is large in proportion to his or her body. Rapid deceleration inju- 
ries in children therefore apply greater momentum and torque to the craniocervical 
junction and upper cervical spine. The spinal ligaments are relatively lax and facet 
joints are configured horizontally in children, predisposing them to vertebral trans- 
lation and subluxation. Similarly, the occipital condyles are low in profile and the 
Cl articular surfaces are relatively flat in children compared to adults. Together, 
these factors contribute to a high incidence of ligamentous and craniocervical-junction 
injuries in children. By contrast, spinal-column fractures and subaxial spinal-column 
injuries are relatively rare in children. Furthermore, pathological analysis reveals 
that vertebral injuries in children often involve dislocation of the cartilaginous 
endplate or epiphyseal separation, rather than a true fracture. 


Physical Examination 

Physical examination of all patients suspected of having a spinal-column and/or 
cord injury should include documentation of spinal-cord neurological function ac- 
cording to the American Spine Injury Association (ASIA) classification system. The 
ASIA system includes grading of at least 1 muscle group in each upper and lower 
extremity myotome on a standard 5 point scale, and grading sensory function in each 
dermatome as normal, abnormal or absent. Presence of spared sensation in the sacral 
dermatomes (perineum and scrotum or labia) establishes the presence of incomplete 
spinal-cord injury, which has a significantly better prognosis than complete injury. 
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Table 6. Spinal level by muscle group 











Spinal Predominant Associated 
Level Muscle Group Reflex 
C3-5 Diaphragm 
C4 Rhomboids, trapezius 
C5 Supraspinatus, infraspinatus, 
deltoid 
C6 Biceps, brachioradialis, extensor Biceps 
carpi radialis 
C7 Triceps, extensor digitorum Triceps 
C8 Flexor pollicis longus, flexor 
digitorum 
T1 Abductor pollicis brevis, 
lumbricals, interossei 
T10 Abdominal wall Umbilical cutaneous 
L2 lliopsoas 
L3 Adductors 
L4 Quadriceps femoris Patellar 
L5 Extensor hallucis longus, 
tibialis anterior 
S1 Gastrocnemius, hamstrings Achilles 
$2 Flexor digitorum longus, small 


muscles of foot 


$2-4 Urinary and anal sphincters Anal wink, cremasteric 





Lower cranial nerve function, which is often abnormal after craniocervical junction 
injury, should be examined. The spinal trauma examination should include: 
e Palpate entire spine for deformity, crepitus or step-off (3 team log roll 
with neck in collar and held in neutral position). 
¢ Assess lower cranial nerve function. Loss of facial sensation from damage 
to the spinal nucleus of the trigeminal nerve may be found in any upper 
cervical spinal-cord injury. Atlanto-occipital dislocation is commonly as- 
sociated with bilateral sixth nerve palsy, facial weakness, respiratory dis- 
tress and/or absent gag and swallowing reflexes. 
¢ Strength examination for each myotome bilaterally (by ASIA classifica- 
tion) (see Table 6). 
e Sensory examination for each dermatome, including sacral dermatomes, 
bilaterally (by ASIA classification). 
e Examination of proprioception at index fingers and great toes bilaterally 
(to assess dorsal column spinal function). 
¢ Deep tendon reflexes in upper and lower extremities. 
¢ Cutaneous reflexes including abdominal, cremasteric and Babinski (to 
help determine spinal-injury level and completeness). 
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¢ Digital rectal examination to assess tone and voluntary contraction (which 
will be absent in complete spinal-cord injury). Placement of bladder cath- 
eter to assess and treat acute urinary retention after spinal-cord injury. 


Patterns of Spinal-Cord Injury 

1. Complete SCI. No motor or sensory function below the level of the le- 
sion, including sacral dermatomes. 

2. Brown-Sequard syndrome. Hemi-cord injury syndrome, with motor and 
proprioceptive sensory deficits seen predominantly ipsilateral to the in- 
jury, and pain and temperature sensory deficits seen predominantly con- 
tralateral to the injury. 

3. “Central” SCI. A contusion type of partial injury predominantly affect- 
ing the corticospinal system. Hand > arm > leg weakness. Has relatively 
good prognosis for neurological recovery. 

4. Conus medullaris and cauda equina injuries. Cause predominantly bowel 
and bladder sphincter deficits, often with foot drop and distal lower ex- 
tremity and sacral sensory deficits. Cauda equina injuries, if incomplete, 
have a much better prognosis for neurological recovery than spinal-cord 
injury. 

Diagnostic Imaging 

General Principles 

A lateral cervical radiograph is part of the initial trauma assessment. Any patient 
with decreased level of consciousness, intoxication (including iatrogenic intoxication), 
or painful distracting injury should undergo a complete cervical-spine radiographic 
series. Any patient with an appropriately severe mechanism of injury should also 
undergo a complete thoracic, lumbar and sacral spine radiographic series after ini- 
tial trauma evaluation. 

Targeted CT imaging should be performed for regions of the spine suspected 
(based on plain radiographs and/or physical examination) of harboring an injury. 
However, only MR can reliably and noninvasively image the spinal cord itself. Emer- 
gency MR imaging of spinal-cord injury is rapidly gaining acceptance as a standard 
modality in major trauma centers. 


Spine Radiography 

A lateral cervical radiograph should be obtained in the ER and will demon- 
strate most vertebral subluxations and facet dislocations, as well as many frac- 
tures. A complete cervical spine series in preadolescent children includes a lateral 
radiograph extending from the occiput to at least the cranial portion of the T1 
vertebral body and an AP radiograph. In adolescents and adults, an open-mouth 
radiograph of the odontoid process should also be obtained. “Tandem’ cervical 
and thoracolumbar-sacral (TLS) injuries are not uncommon, particularly after a 
motor-vehicle accident (MVA). 

The lateral cervical radiograph should be used to evaluate the alignment of the 
anterior edge of the vertebral bodies, posterior edge of the vertebral bodies, the 


Neurotrauma 87 














Figure 7. Lateral cervical radiographs in flexed and extended positions. Dynamic 
cervical radiographs may be useful in cervical-spine clearance after trauma but 
should not be undertaken in the presence of known fracture, instability, neck pain 
or neurological deficit. Limited flexion or extension due to poor cooperation or 
splinting, as seen here, can also limit the value of the examination. 


anterior edge of the laminae and the tips of the spinous processes. Splaying apart of 
adjacent spinous processes is a sign of ligamentous injury and possible instability. 
Fracture, deformity or asymmetry of any vertebral body or spinous process should 
be noted. Facet-joint widening or distraction may be apparent. Finally, the width of 
prevertebral soft tissue should be evaluated. In some cases, abnormal swelling of 
prevertebral soft tissue is the only radiographic sign of significant spinal-column 
ligamentous injury and instability. 

The AP view should be evaluated for open or dislocated facets, alignment and 
vertebral deformity. The open-mouth view, if available, should be evaluated for frac- 
tures of the odontoid or for splaying of the lateral masses of C1 (>7mm combined), 
both of which are signs of C1-2 instability. 

If all static spine radiographs, as listed above, are negative for fracture, sublux- 
ation or other abnormality, the neurological examination is normal, and the spine 
is nontender at rest and during voluntary cervical flexion and extension, a signifi- 
cant spine injury may be excluded. However, many children with distracting painful 
injury, intoxication or head injury, or of preverbal age cannot accurately report 
spine tenderness. Performance of flexion and extension spine radiographs (see Fig. 
7) may expose these patients to risk of further mechanical spinal-cord injury. In 
these cases, static MR imaging may be helpful in diagnosing unrecognized spinal 
instability. 
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Caveats in the Interpretation of Pediatric Cervical Spine Radiographs 
A number of features are observed that would be pathological in adults, but are 
often normal findings in children: 

1. C2-3 or C3-4 may demonstrate “pseudosubluxation” of up to 4 mm in 
flexion. 

2. A neurocentral synchondrosis may mimic a Type II odontoid fracture 
(through the base of the odontoid) in a child less than 8 years of age. 

3. The anterior arch of C1 may have a persistent synchondrosis, mimicking 
a fracture. 

4, The tip of the odontoid may fail to fuse with the odontoid proper, result- 
ing in an ossiculum terminale persistens, which is generally a normal vari- 
ant in a child. 

5. The atlanto-dental interval between the anterior arch of Cl and the ante- 
rior cortex of the odontoid peg may reach as much as 5 mm during flex- 
ion in a normal child. 


Computed Tomography and Myelography 

Odontoid radiographs are difficult to obtain and are less sensitive in children 
than adults. Therefore, CT imaging for preadolescent trauma victims should rou- 
tinely include the craniocervical junction to the mid C3 vertebral body, thereby 
including common sites of injury such as the odontoid process and arch of Cl. 
Other spinal fractures discovered on plain radiographs or suspected based on physi- 
cal examination should be imaged with thin cut CT images. Three-dimensional 
reconstructions may be useful in evaluating subluxations and dislocations and in 
planning for operative reduction and fusion. 


Magnetic Resonance Imaging 

In children, severe spinal-cord injury is sometimes not accompanied by corre- 
sponding abnormalities on plain radiographs or CT images (spinal-cord injury with- 
out radiographic abnormality, or SCIWORA). Magnetic resonance imaging, 
particularly using a contemporary 1.5 Tesla magnet, will virtually always demon- 
strate damage to the spinal cord parenchyma, even within hours of injury (see Fig. 
8). MR imaging also accurately demonstrates ligamentous injury by the presence of 


Figure 8. Cervical spinal-cord injury. 
T2-weighted axial MR imaging demon- 
strates high signal in the left hemi-spinal 
cord, representative of an incomplete 
traumatic injury. This adolescent patient 
presented after a motor-vehicle crash 
with Brown-Sequard syndrome but nor- 
mal cervical radiographs and CT scans. 
Only MR imaging demonstrated her 
ligamentous and spinal-cord injuries. 
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blood or edema or by direct visualization of a disrupted ligament (such as the trans- 
verse ligament of C1). MRI can thus identify spinal-column injury without need 
for flexion and extension of a potentially unstable spine. Finally, immediate MR 
imaging of cervical spinal-cord edema and contusion in children and adults pro- 
vides valuable prognostic information. 


“Spine Clearance’ 

Spine clearance protocols vary from institution to institution. A conversant, ori- 
ented child without head injury, intoxication or painful distracting injury may be 
‘clinically cleared’ based on a complete, normal neurological examination and pal- 
pation of a nontender and fully mobile spinal column. Children with tenderness or 
examination limitations must undergo radiographic evaluation, as described above. 
Comatose or sedated children must be maintained in a cervical collar with spine 
precautions until cleared by negative spine radiographs supplemented by MRI, to 
rule out ligamentous injury. It should be emphasized that ‘clearing’ the spine re- 
quires knowledge not only of the imaging studies but also of the clinical status of the 
patient. 


Emergency Management 
Airway 


Respiratory failure may occur as a direct result of high (>C5) spinal-cord injury. 
Apnea or hypoxia are common symptoms at presentation. However, insidious onset 
of hypercarbia from relative hypoventilation may occur hours to days after injury, 
and can best be diagnosed by bedside spirometry or arterial blood-gas analysis. Intu- 
bation of the airway in a patient with a possible cervical-spine injury should be 
undertaken with an assistant maintaining neutral cervical posture and holding in-line 
traction. Children with suspected atlanto-occipital dislocation or other severely un- 
stable injury may require cricothyroidotomy or tracheostomy. Hypoxia should be 
rigorously avoided because of its contribution to secondary spinal-cord injury. 


Hemodynamics 

Spinal-cord injury, by interrupting input to the sympathetic nervous system, 
may cause severe hypotension, or spinal shock. Systemic hypotension contributes to 
secondary spinal-cord injury and significantly worsens outcome. Hypovolemic shock 
should be treated with fluids and pressors. Central venous access may be needed to 
assess volume status and to deliver pressors. 


Immobilization 

A cervical collar or head supports and tape (in an uncooperative patient or small 
child) are used to prevent movement of the cervical spine and secondary mechanical 
injury. These precautions should not be waived until spinal stability has been con- 
firmed. To protect unstable regions of the TLS spine, patients should be transferred 
on a trauma board and log-rolled with the cervical spine in neutral position. 


Steroids 
Although a number of agents designed to prevent secondary metabolic spinal-cord 
injury are under investigation, the current standard of care is for the administration 
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of intravenous methylprednisolone. The protocol for steroid administration has been 
developed in a number of prospective, randomized trials, although these trials have 
generally excluded children during study accrual. The currently recommended guide- 
lines for methylprednisolone are: 
1. Treatment should be given only if the initial bolus dose can be given 
within 8 hours of injury. 
2. 30 mg/kg IV bolus over 45 minutes followed by a 15-minute break. 
3. 5.4 mg/keg/hr IV drip for 47 hours. 
4. If the initial bolus is given within 3 hours of injury, the drip should be 
discontinued after 23 hours. Some institutions follow the original guide- 
lines, stopping methylprednisolone treatment in all patients after 23 hours. 


Urinary 

The bladder should be catheterized for comfort, monitoring of urine output 
(to guide volume and blood-pressure management) and because of the common 
occurrence of acute urinary retention. Because of the risk of urinary tract infec- 
tion or sepsis (often a lifelong concern for spinal-cord injured patients), the blad- 
der catheter should be removed after any operative interventions in the first few 
days. If urinary retention is present, intermittent clean catheterization should be 
implemented. Urology consultation should be obtained for every newly spinal-cord 
injured patient. 


Integument 

Decubiti are a major source of morbidity for spinal-cord injured patients, in- 
cluding during the acute postinjury phase. All patients should be removed from the 
trauma board as soon as they reach the intensive care unit to avoid the formation of 
decubiti, even if the TLS spine has not yet been cleared. Patients should be turned 
frequently in bed. Log-roll precautions should be maintained until spine clearance 
is obtained. In problematic cases, special rotatory beds may be used to nurse 
spinal-cord injury patients. These beds also improve respiratory function by rotat- 
ing the dependent portions of the lungs. 


Surgical Management 
General 


While some pediatric spinal-column injuries may be managed by external brac- 
ing alone, ligamentous injuries generally predispose to long-term instability and risk 
of secondary complications or spinal-cord injury. For these patients, fusion must be 
considered. However, from a technical standpoint, fusion may be difficult to achieve 
in infants and very young children. Fortunately, the latter patients also have a greater 
ability to spontaneously recover stability after ligamentous injury. Surgical interven- 
tion for spinal-column and cord injury in children has three goals: 

1. Decompression of the spinal-cord parenchyma to prevent secondary in- 
jury. The timing of decompressive surgery is controversial, with some 
evidence suggesting greater benefit to neurological prognosis with imme- 
diate surgery, but other data suggesting a higher risk of neurological or 
systemic complications after early surgery. 
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2. Spinal-column stabilization. An unstable spinal column may contribute 
to progressive spinal deformity, chronic pain, functional limitations and 
secondary spinal-cord injury from compression. 

3. Early mobilization and participation in rehabilitation. Functional out- 
comes are enhanced, and medical complications such as pneumonia, uro- 
sepsis and pulmonary embolism are reduced by early participation in re- 
habilitation after spine stabilization. 


Atlanto-Occipital Dislocation 

The majority of atlanto-occipital (AO) dislocations result in death at the scene 
of injury. Survivors, as noted above, may have severe brainstem, upper cervical-spinal 
cord and lower cranial-nerve injuries, as well as head injury. This diagnosis is often 
missed in the resuscitation phase of care. Suspicion should arise for any child with 
severe mechanism of injury (e.g., pedestrian vs. car), intermittent respiratory or blood 
pressure instability, and lower cranial-nerve abnormalities. Great care should be taken 
in the management of these patients to avoid any distracting force (sometimes even 
placement in too large of a cervical collar can result in deterioration). 

Lateral X-ray films may demonstrate anterior or posterior translation of skull-base 
landmarks relative to the ring of C1 (Power's ratio) or longitudinal distraction of the 
skull from the cervical spine (base of clivus to dens interval of >14 mm). A CT scan 
extending to C3 is critical in making the diagnosis in less severely injured patients who 
are still at serious risk of secondary injury from craniocervical junction instability. 
Soft-tissue swelling and/or subarachnoid or subdural hemorrhage at the craniocervical 
junction are generally present. Immediate halo-ring and vest placement with relative 
craniocervical compression is indicated. Severe craniocervical ligamentous injury is 
the rule, mandating operative fusion of the occipital bone to C3 in most cases. 


Odontoid Fracture 

Most odontoid fractures in children (<8 years old) are through the synchondro- 
sis between the odontoid process and vertebral body. These are usually treated with 
halo-ring and vest immobilization, and rarely with surgical fusion. The majority of 
children suffer spinal-column injury alone and are therefore neurologically intact. 
Older children and adolescents may suffer from a traditional “Type II” odontoid 
fracture at the narrow base of the dens and are treated similarly to adults, with 
cervical collar, halo immobilization, or internal fixation with an odontoid screw. 
Pathological C1-2 subluxation secondary to disruption of the transverse liga- 
ment, which normally holds the odontoid against the anterior arch of Cl, is 
generally treated by open C1-2 fusion. 


Hangman’s Fracture 

Hangman’s fracture results in separation of the C2 vertebral body and posterior 
arch, generally via a coronally oriented fracture through the posterior C2 body and/ 
or pedicles. This injury is very rare in younger children, but occurs in adolescents. A 
fracture with little displacement or angulation generally causes no neurological defi- 
cits and heals well with external orthosis alone. Displaced and angulated fractures 
may present with devastating neurological deficits and often require operative fusion. 
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Subaxial Cervical Fracture 

Instrumentation techniques include sublaminar wiring and anterior cervical and 
lateral mass instrumentation. In many cases, instrumentation is now available in 
various sizes to accommodate young and/or small patients. Nevertheless, most plat- 
ing systems are difficult to use in preadolescents. Braided sublaminar cables may 
pull through soft laminar bone in very young children, and should be tightened to a 
lower tension than in adults when used. Depending on age, bone-graft material may 
be harvested from morselized laminae, ribs and/or iliac crest. Surgical approach is 
generally dictated by the preoperative imaging studies, including MRI. Reducible 
subluxation injuries that are not associated with a herniated intervertebral disc are 
often fused posteriorly, while traumatic disc herniations and displaced or angulated 
vertebral fractures generally require an anterior approach. On occasion, anterior and 
posterior decompression and fusion is indicated. When operative intervention is 
required, care should be taken to expose the periosteum only at the involved levels, 
as unwanted spontaneous fusion may occur at any exposed level. Fusion techniques 
are similar to those used in adults, except that onlay bone graft alone, without in- 
strumentation, is generally used in young children. 


Thoracolumbar Fracture 

Anterior wedge compression can often be managed with external orthosis alone. 
The presence of neurological deficit, instability, progressive deformity, greater than 
30% kyphosis and/or >50% vertebral-body height loss may require operative inter- 
vention. Adolescents are candidates for adult-type instrumentation in most cases. In 
younger children, the pedicles are often too small for screw fixation, although frameless 
stereotactic guidance is sometimes helpful in this setting. The spinal canal may also 
be too small for safe use of sublaminar hooks in these patients. Upper lumbar inju- 
ries are often “Chance” fractures, coursing horizontally through the intervertebral 
disc or superior endplate and posterior elements (see Fig. 9). These fractures, which 
are commonly caused by wearing a lap seatbelt alone, are often unstable and may be 
associated with injury to retroperitoneal organs. 


Bracing 

Limited cervical immobilization may be achieved with a hard cervical collar. If 
more rigid immobilization is needed, particularly in the upper cervical spine, halo-ring 
and vest fixation may be used. In children >10 months of age, 10 pins finger tight- 
ened is recommended. At age two, 8 pins with 2 pounds of torque is acceptable. By 
age 6, 6 pins with 6 pounds of torque is used. Adolescents may be immobilized with 
4 pins at 6 pounds. If cranial-pin fixation is contraindicated, a molded Minerva 
brace provides nearly equivalent fixation. 

Thoracic and lumbar immobilization may be obtained with a thoracic- 
lumbar-sacral orthosis (TLSO) brace or Jewett brace (the latter if hyperextension is 
desired). Upper thoracic (T1-4) immobilization requires the use of a TLSO with 
sub-occipital mandibular (SOMI) extension. Two to 4 months of external immobi- 
lization is generally required after fusion procedures, unless internal fixation pro- 
vides immediate added stability. 
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Figure 9. Lumbar fracture. AP and lateral radiographs of this adolescent patient 
after a motor-vehicle crash demonstrate a vertebral body fracture, focal kyphosis 
and disruption of the posterior elements (pedicles and lamina) at L3. She presented 
with severe back pain but no neurological deficit in the lower extremities. Opera- 
tive fusion was performed for this unstable injury, providing restoration of normal 
spinal alignment, enabling early rehabilitation and avoiding potential secondary 
neurological injury. 


Brachial Plexus Injury 
Brachial plexus injury is associated with difficult delivery, generally in cephalic 
orientation. Shoulder dystocia is a risk factor. 


Three Patterns of Injury 
Erb’s Paralysis 


Injury to the upper brachial plexus (C5 and 6 roots affected) causes weakness 
of the deltoid, supraspinatus, infraspinatus, teres minor, biceps, brachioradialis, 
supinator, and finger and wrist extensors. This results in the “waiter’s tip” defor- 
mity. There is a high rate of spontaneous improvement or resolution by the age of 
3 months. Those without spontaneous improvement are often helped by surgical 
intervention. 


Klumpke’s Paralysis 

Injury to the lower brachial plexus (C7 to T1 roots) causes weakness of the in- 
trinsic hand muscles and the wrist and finger flexor muscles. This results in the 
“clawed hand deformity” and sometimes an associated Horner’s syndrome due to 
injury to the C8 and T1 sympathetics. There is generally little spontaneous or surgi- 
cal improvement, due to the long distance from the site of injury to the target muscles. 
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Erb-Duchenne-Klumpke Paralysis 
Total brachial plexus injury results in flail arm. Prognosis for recovery is rela- 
tively poor. 


Management 

Children showing little or no spontaneous recovery by the age of 3 months should 
undergo EMG nerve-conduction studies and spinal-canal imaging by MRI or CT 
myelography. The latter is useful to identify pseduomeningoceles at the site of nerve 
root avulsion. Brachial plexus exploration is undertaken with intraoperative EMG 
nerve-conduction testing. Involved brachial plexus elements may be surgically treated 
with neurolysis, neuroma excision and nerve grafting as indicated. Eighty percent to 
90% of children with Erb’s palsy will attain good or excellent functional shoulder 
recovery with expectant and/or operative management. 


Conclusions 

Although potentially devastating, nervous system trauma in children should be 
aggressively and wisely managed with the hope of attaining an excellent outcome. 
While there are many similarities between the management of adult and pediatric 
neurotrauma, physiological, sociological and psychological differences must be rec- 
ognized and expert pediatric neurosurgical care made available. Care of the neuro- 
logically injured child also poses dramatic ethical challenges. Excellent communication 
between doctor, patient, family and all members of the trauma-care team will con- 
tribute to optimal outcome. 


ae Readings 
Adelson PD, Bratton SL, Carney NA et al. Guidelines for the acute medical man- 
agement of severe traumatic brain injury in infants, children, and adolescents. Pediatr 
Crit Care Med 2003; 4(3 Suppl). 

2. Carney N and the committee for Traumatic Brain Injury Outcomes Research, 
Oregon Health Sciences University (1999). Rehabilitation for traumatic brain in- 
jury in children and adolescents. Agency for Health Care Policy and Research. 
Washington, D.C. 

3. Committee for Severe Head Injury Guidelines of the Brain Trauma Foundation, 
AANS and Joint Section on Neurotrauma and Critical Care (1995). Guidelines for 
the management of severe head injury. Brain Trauma Foundation. Washington, D.C. 

4. Duhaime A, Gennarelli T, Thibault L et al. The shaken baby syndrome. A clinical, 
pathological and biomechanical study. J Neurosurgery 1987; 66:409-415. 

5. Muizelaar J, Ward J, Marmarou A et al. Cerebral blood flow and metabolism in 
severely head injured children. Part 1: Relationship with GCS score, outcome, 
ICP and PVI. J Neurosurgery 1989; 71:63-71. 

6. | Muizelaar J, Ward J, Marmarou A et al. Cerebral blood flow and metabolism in 
severely head injured children. Part 2: Autoregulation. J Neurosurgery 1989; 
71:72-76. 

7. Osenbach R, Menezes A. Pediatric spinal cord and vertebral column injury. Neu- 
rosurgery 1992; 30:385-390. 

8. Selden N, Quint D, Patel N et al. Emergency magnetic resonance imaging of 
cervical spinal cord injuries: clinical correlation and prognosis. Neurosurgery 1999; 


44(4):785-793. 


CHAPTER 4 


Brain Tumors 


Nalin Gupta and James T. Rutka 


Introduction 

Pediatric brain tumors are a remarkably diverse histological group of neoplasms. 
Some tumors are curable with surgical excision alone, while others carry a much 
poorer prognosis. In general, the long-term outcome for most childhood brain 
tumors is better than that observed in the adult population. 

Despite the stereotype of pediatric brain tumors being posterior fossa masses, 
these neoplasms can arise in any location in the brain. Although a child with an 
intracranial mass may present with a bewildering variety of neurological symp- 
toms, various clinical patterns will emerge. For this reason, it is conceptually use- 
ful to organize the various tumors into geographic groups since this factor appears 
to have the greatest impact on clinical presentation and subsequent treatment. In 
this chapter, the major pediatric brain tumors will be grouped by site of origin 
into posterior fossa, sellar region, hemispheric and pineal region tumors. 


Classification of Brain Tumors 

The World Health Organization (WHO) classification is the most commonly 
used method for classifying brain tumors. It is based on pathological differences 
and the implicit belief that these tumors arise from specific categories of normal 
cells (Table 1). Brain tumors in children are for the most part primary central 
nervous system (CNS) neoplasms, while metastatic tumors, meningiomas and 
pituitary adenomas are rarely encountered. Aside from these epidemiological dif- 
ferences, there are other features that distinguish childhood brain tumors from 
their counterparts in adults. One is the relative incidence by histological type. 
Medulloblastomas, a class of primitive neuroectodermal tumors (PNET), occur 
mainly in children and young adults. In addition, the incidence of teratomas, 
germinomas and craniopharyngiomas is also higher in children. In general, the 
diversity of tumors in children is greater. Fortunately, the most malignant astro- 
cytic tumor, glioblastoma multiforme, is less common in children. A second ma- 
jor distinguishing feature is their site of origin (Table 2). Approximately one half 
of pediatric brain tumors arise in the posterior fossa, as compared to 10% in adults. 
The reason for this prediliction is unknown. In addition, germ-cell tumors, cran- 
iopharyngiomas and optic-pathway gliomas tend to arise either in the midline or 
adjacent to the midline. 
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Table 1. Summary of the WHO II classification of CNS tumors 





Major Categories 


Examples 





|. Neuroepithelial origin 
A. Astrocytic tumors 
B. Oligodendroglial origin 
C. Ependymomas 
D.Mixed gliomas 
E. Choroid plexus tumors 
F. Tumors of uncertain origin 
G.Neuronal tumors 
H.Pineal tumors 
|. Embryonal tumors 


Il. Tumors of cranial and spinal nerves 


A. Schwannoma 
B. Neurofibroma 
C. Malignant nerve sheath tumor 
Ill. Tumors of the meninges 
A. Tumors of meningothelial cells 
B. Mesenchymal tumors 
C. Primary melanocytic tumors 
D.Tumors of uncertain origin 
IV. Hemopoietic neoplasms 
V. Germ cell tumors 


VI. Cysts and tumor-like lesions 


VII. Tumors of the anterior pituitary 


VIII. Local extensions from regional 
tumors 


IX. Metastatic tumors 


glioblastoma multiforme 
oligodendroglioma 

ependymoma, subependymoma 

mixed oligoastrocytoma 

choroid plexus papilloma and carcinoma 
astroblastoma 

gangliocytoma, ganglioglioma 
pineocytoma, pineoblastoma 

PNET ! (medulloblastoma), retinoblastoma 


schwannoma 
solitary neurofibroma, plexiform type 
neurogenic sarcoma 


meningioma, malignant meningioma 

lipoma, rhabdomyosarcoma 

melanocytoma, malignant melanoma 

hemangiopericytoma, capillary 
hemangioblastoma 

lymphoma, plasmacytoma 


germinoma, choriocarcinoma, teratoma 


Rathke’s cleft cyst, epidermoid and 
dermoid tumors, colloid cysts 


pituitary adenoma and carcinoma 


craniopharyngioma, chordoma, chondroma, 
chondrosarcoma 


various origins 





' Primitive neuroectodermal tumor 


General Principles 


Clinical Presentation 





At time of presentation, brain tumors in children are often large and, as a conse- 
quence, cause significant brain distortion. It appears that two factors account for 
this feature. First, children often cannot articulate their symptoms, and some are too 
young to understand the problem that is affecting them. Second, the developing 
nervous system appears to have a tremendous capacity to compensate for an enlarg- 
ing mass lesion, and symptoms develop late in the course of the disease. 

In general, presenting symptoms fall into 3 categories: raised intracranial pres- 
sure, focal neurological deficits, or seizures. As in adults, raised intracranial pressure 
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Table 2. Distribution of common brain tumors in children 








Location and % of All Pediatric 
Type of Tumor Brain Tumors 
Infratentorial 
PNET (medulloblastoma) 20-25 
Low-grade astrocytoma (cerebellar) 12-18 
Ependymoma 4-8 
Malignant glioma, brainstem 3-9 
Low-grade glioma, brainstem 3-6 
Other 2-5 
Total 45-60 
Supratentorial hemispheric 8-20 
Low-grade astrocytoma 6-12 
Malignant glioma 2-5 
Ependymoma 1-5 
Ganglioglioma 1-5 
Oligodendroglioma 1-2 
Choroidplexus tumor 1-2 
PNET 1-2 
Meningioma 0.5-2 
Other 1-3 
Total 25-40 
Supratentorial midline 
Suprasellar 
Craniopharyngioma 6-9 
Low-grade glioma, chiasmatic, hypothalamic 4-8 
Germ cell tumor 1-2 
Pituitary adenoma 0.5-2.5 
Pineal region 
Low-grade glioma 1-2 
Germ cell tumor 0.5-2 
Pineal parenchymal tumor 0.5-2 
Total 15-20 





From: Pollack IF. Current Concepts: Brain Tumors in Children. N Engl J Med 
331:1500-1507, ©1994 Massachusetts Medical Society, with permission. 


will manifest as headaches, vomiting and somnolence. While this may be due to the 
mass effect of the tumor itself, in children it is usually due to the development of 
hydrocephalus. The presence of vomiting alone that persists over weeks is a concern- 
ing feature. A focal neurological deficit is due to involvement of eloquent brain 
tissue or due to a mass adjacent to or within the brainstem. These symptoms are 
often related to direct brain impression or invasion by the growing tumor. In very 
young children, focal motor deficits may be missed due to compensation. Finally, 
some tumors, particularly benign tumors that involve the cortex, will cause seizures 
that bring the child to medical attention. It should be noted that in infants the only 
presenting finding may be failure to thrive, irritability, or developmental delay. 
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The classic triad of headache, vomiting and ataxia is observed in many patients 
with tumors that are located in the posterior fossa. Headache may occur from 
direct mass effect and dural stretch in the posterior fossa but also from obstruc- 
tion of the cerebrospinal fluid (CSF) pathways leading to hydrocephalus. The 
severity of hydrocephalus will cause either mild headaches or changes in the child’s 
level of consciousness, resulting in drowsiness and confusion. Once this stage is 
reached, however, rapid deterioration leading to coma and death from brain her- 
niation can occur. While vomiting and irritability are common problems in young 
children, the presence of persistant symptoms without obvious gastrointestinal 
complaints and the persistance of symptoms should alert the clinician to the pos- 
sibility of an intracranial mass. Additional signs seen with posterior fossa tumors 
include papilledema, diplopia, dysarthria, head tilt and long-tract signs (hyperre- 
flexia and sensory changes). 

Focal neurological deficits are more commonly seen with hemispheric lesions 
although, if slow growing, the tumors may reach enormous size before symptoms 
develop. Younger children will ‘mask’ a deficit by compensating with another ex- 
tremity or unconsciously changing their behavior. Lesions in the region of the sella 
will produce visual disturbances and visual loss. Hypopituitarism is rare as a present- 
ing symptom, but does occur following surgical intervention for sellar lesions. 

Finally, seizures occur from lesions that arise in the cerebral hemispheres. These 
are usually intrinsic tumors such as astrocytomas, gangliogliomas and various hama- 
rtomas. Some tumors such as gangliogliomas (neoplastic neuronal and glial cells) 
are usually benign but often cause seizures. Various other pathological entities bridge 
the gap between benign tumors and developmental anomalies (e.g., dysplastic neu- 
roepithelial tumors) and also frequently present with seizures. 


Diagnostic Studies 

Initial evaluation should include a complete examination. This is particularly 
important in infants and toddlers where an objective history is not available. Al- 
though difficult to visualize in many cases, a glimpse of the optic disk can some- 
times exclude significant raised intracranial pressure when it may be suspected based 
on the child’s symptoms. A child presenting with intractable headaches, especially 
associated with persistent vomiting or a neurological deficit, should receive a screen- 
ing imaging study, usually a computed tomography (CT) scan. While CT may not 
provide the required detail, a perfectly normal study will exclude the presence of 
hydrocephalus or a significant mass lesion. An abnormality on the CT study should 
prompta more detailed magnetic resonance imaging (MRI) scan. It should be noted 
that vomiting and irritability and/or headaches are exceedingly common in chil- 
dren, and it is impractical for all children to undergo imaging studies. In general, if 
there is a suspicion of an intracranial mass or if the child cannot be evaluated prop- 
erly due to lack of cooperation or other circumstances, then a CT should be ob- 
tained. In the setting of an irritable child with a suspected infectious process, the 
question of doing a lumbar puncture (LP) to exclude meningitis is sometimes raised. 
If there are no neurological symptoms and the history is suggestive of an obvious 
source, i.e., gastroenteritis, then an LP can often be performed safely. 
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For definition of the anatomy, particularly for suprasellar or posterior fossa lesions, 
an MRI study, both before and after gadolinium infusion, is mandatory. (The imaging 
features of various pediatric brain tumors are discussed in greater detail in Chapter 2: 
Tables 8-12, and Figs. 15-37.) Ifa mass lesion is detected, further investigations are 
usually deferred until the postoperative period. Metastatic disease is rare in children, 
and for this reason routine imaging of the chest, abdomen and pelvis is not indicated 
(unless there is suspicion based on the clinical setting). For suspected germ cell tu- 
mors, serum and CSF alpha feto-protein (AFP), beta human chorionic gonadotropin 
(BhCG) and placental alkaline phosphatase (PLP) values should be obtained. Sellar 


region masses also may produce endocrine and visual dysfunction. 


Posterior Fossa Tumors 
Medulloblastoma 
General 


The term PNET (primitive neuroectodermal tumor) refers to a group of highly 
malignant tumors arising from neuroepithelial precursors and sharing a undifferen- 
tiated and mitotically active histology. PNETs found in the posterior fossa have 
traditionally been called medulloblastomas. Other tumors that fall under the rubric 
of PNET include pineoblastomas, Ewing’s sarcoma and neuroblastoma. Eighty per- 
cent of these tumors arise during the first 2 decades of life (median age 5-7 years) 
and are more common in boys. The overall incidence among children is approxi- 
mately 5 per million per year. Medulloblastomas occur sporadically and no environ- 
mental factors are known to predispose to oncogenesis. 

The histological appearance of medulloblastoma is that of a ‘small blue cell tu- 
mor.’ In other words, the tumor is composed of densely packed cells that have scant 
cytoplasm and hyperchromatic nuclei. Although typically undifferentiated in ap- 
pearance, astrocytic, neuronal, ependymal and/or mesodermal features can occur. 


Clinical Presentation and Evaluation 

Symptoms and signs are generally the same for all posterior fossa tumors (Table 
3) and no particular sign or symptom is specific for medulloblastoma. Hydroceph- 
alus is present at the time of diagnosis in the vast majority of cases. In addition to 
symptoms of a mass lesion, these children may have cranial nerve deficits and radicular 
pain (Chapter 2, Fig. 24). In some unfortunate cases, medulloblastomas can present 
with CNS dissemination. The frequency of medulloblastoma is increased in 2 ge- 
netic syndromes: nevoid basal cell carcinoma syndrome (Gorlin’s) and Turcot’s syn- 
drome. 


Treatment and Outcome 

The primary treatment is surgical resection for the purposes of obtaining a tissue 
diagnosis, eliminating tumor burden and relieving mass effect. For those children pre- 
senting with obstructive hydrocephalus, a CSF diversionary procedure such as a 
ventriculoperitoneal (VP) shunt or third ventriculostomy is often necessary, although 
this can frequently be performed at the same time as tumor resection. Generally, if the 
tumor is restricted to the vermis or cerebellar hemisphere, a radiologically complete 
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Table 3. Clinical presentation of posterior fossa tumors 








Posterior Fossa ‘Syndrome’ Less Common Signs or Symptoms 
Headache Cranial nerve deficit 
Nausea and vomiting diplopia 
Papilledema facial palsy 
Change in mentation dysarthria 
letthargy dysphagia 
confusion Head tilt 
Ataxia Hemiparesis 
Irritability in infants Neck pain 





resection is feasible. Extension into the brainstem or subarachnoid spread precludes 
gross total resection. 

Based on outcome studies, children are stratified into ‘standard risk’ or ‘high 
risk groups.’ Children less than 4 years of age, with more than 1.5 cm? residual 
tumor, or CSF dissemination by cytology or imaging are in the high-risk category. 
Standard (or average) risk patients still require external beam radiation (3500 cGy 
to the craniospinal axis with a posterior fossa boost to ~5500 cGy) and postradiation 
chemotherapy. (Surgery alone for medulloblastoma will almost always lead to re- 
currence.) Long-term survival approaches 70% in this group. Standard radiation 
doses are associated with significant long-term complications (endocrinopathy, cog- 
nitive decline, secondary malignancy) and various studies have explored reduced 
radiation doses and/or combination chemotherapy. Aggressive chemotherapy and 
radiation can also result in favorable 5-year survival in the high-risk category. Re- 
current medulloblastomas are virtually incurable, although progression can be de- 
layed in some cases by high-dose chemotherapy and bone-marrow transplant. A 
variety of biological factors are known to correlate with outcome. These biological 
markers should improve stratification of patients in the future, allowing greater 
specificity of treatment regimens. 


Cerebellar Astrocytoma 
General 


These tumors are composed of well-differentiated fibrillary astrocytes that typi- 
cally form mixed solid and cystic masses in one of the cerebellar hemispheres (Chap- 
ter 2, Fig. 18). The tumor-associated cyst can often be very large and produce 
significant mass effect in the cerebellum and brainstem. These tumors are histologi- 
cally described as juvenile pilocytic astrocytomas (JPA), are benign neoplasms (WHO 
grade I), and as such display an indolent pattern of growth. Although JPAs can be 
found throughout the CNS, 80% are located in the cerebellum. 


Treatment and Outcome 

Surgical excision is the treatment of choice. Their location in the cerebellar hemi- 
sphere means that most are accesible and usually can be excised totally. Grossly, the 
tumor tissue is well demarcated from the surrounding cerebellum; this facilitates 
resection. In some cases, the cyst wall is also composed of tumor cells and must be 
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excised as well. Gross total resection is associated with a >90% long-term cure rate. 
Adjunctive therapy is not required, although most patients are followed by serial 
imaging studies. Occasional recurrence many years after primary tumor resection 
has been reported. 


Ependymoma 
General 


The ependyma is the differentiated epithelial lining of the ventricular system. 
Tumors of the ependyma are classified under the revised WHO schema as 
subependymoma and myxopapillary ependymoma (grade 1), ependymoma (grade 
2), malignant ependymoma (grade 3) and ependymoblastoma (grade 4). 
Ependymoblastoma is, however, a distinctive pathological entity and is usually 
grouped within the category of primitive neuroectodermal tumors. The overall inci- 
dence of ependymoma in children is 2.2 per million per year. Intracranial ependy- 
momas are more common in the infratentorial location while spinal-cord 
ependymomas are rare. In the posterior fossa, ependymomas typically arise from the 
fourth ventricle or immediately adjacent to it from the lateral recesses (Chapter 2, 
Fig. 22). These tumors display a characteristic pattern of growth into the subarach- 
noid space, often surrounding and enveloping cranial nerves and vessels. This fea- 
ture makes the complete removal of larger tumors difficult. 


Treatment and Outcome 

Complete surgical resection is the initial goal, but is accomplished in only about 
50% of cases. Supratentorial tumors are more successfully resected due to the lim- 
ited involvement of critical structures. Radiation therapy has been the standard ad- 
junctive modality chosen to attempt a reduction in the rate of recurrence. Generally, 
radiation doses less than 4500 cGy are ineffective. Overall, 5-year survival ranges 
from 40% to 60%. The factors that affect survival include age at diagnosis, extent of 
surgical resection and location (supratentorial having better outcome than 
infratentorial). Interestingly, survival does not seem to correlate with histological 
degree of anaplasia to nearly the same extent as with other glial tumors. Children 
less than 3 years of age were found to have a worse outcome than older children. In 
order to avoid the complications associated with radiation therapy in younger pa- 
tients, more aggressive chemotherapy regimens including bone-marrow transplan- 
tation are being utilized. In general, however, the results with chemotherapy are 
disappointing. 


Brainstem Glioma 
General 


These tumors account for 10% to 20% of all CNS tumors in children. There are 
no predisposing factors known. Traditionally, brainstem tumors have been divided 
into four categories: diffuse, focal, exophytic and cervicomedullary. Tumors in the 
last group tend to be more similar to intramedullary spinal-cord tumors. Diffuse 
brainstem gliomas represent the typical brainstem tumor (Chapter 2, Fig. 20). These 
tumors typically arise in young children, between the ages of 5 and 10 years. The 
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presentation is subacute, with cranial nerve palsies and long-tract signs such as gait 
instability and weakness. These tumors seem to be centered in the pons and enlarge 
the entire brainstem. 

Focal tumors of the brainstem can occur in any location and are associated with 
either no symptoms or slowly progressive symptoms. One type of tumor in this 
category is the tectal glioma. It typically appears as a localized nonenhancing mass 
involving the tectum of the midbrain. They often present with hydrocephalus sec- 
ondary to obstruction of the aqueduct of Sylvius rather than focal neurological symp- 
toms. Biopsy of these lesions is not required if the imaging findings are classic. Focal 
tumors in other locations in the brainstem can be a number of different pathologies 
such as low-grade astrocytomas, pilocytic astrocytomas, gangliogliomas and 
gangliocytomas. 


Treatment and Results 

Surgical treatment of diffuse brainstem tumors is restricted to biopsy if the diag- 
nosis is in question. The infiltrative nature of these tumors does not allow surgical 
resection. Focal tumors within the brainstem, especially those that are low-grade 
astrocytomas, can be removed surgically due to the presence of a distinct plane be- 
tween the tumor and adjacent brain tissue. 


Sellar Region Tumors 

Craniopharyngiomas are the most common sellar-region tumors in children, 
accounting for approximately 50% of this group. Pituitary adenomas, while com- 
mon in adults, are much rarer in children. 


Craniopharyngioma 
General 


This benign tumor is derived from residual squamous epithelium found in the 
anterior lobe or infundibulum of the pituitary gland, and is virtually always located 
in the sellar and suprasellar area. This epithelial tissue is probably embryologically 
related to Rathke’s cleft pouch, an outpouching of the primitive oropharynx that 
gives rise to the anterior pituitary gland. The tumor is often calcified and/or cystic 
with solid components. It can grow to enormous sizes and extend into the third 
ventricle and laterally into the temporal lobes. Since the epithelial elements are usu- 
ally facing inwards, the products of this well-differentiated tissue produce keratin 
and cholesterol that accumulate within the tumor. Two histological types are de- 
scribed: (a) adamantinomatous, consisting of sheets of epithelial cells with a ten- 
dency to whorl, a palisade of columnar cells at the periphery, and containing ‘wet’ 
keratin; and, (b) papillary, consisting of epithelial tissue resting on a fibrous stroma, 
without wet keratin. 


Clinical Presentation and Evaluation 

Craniopharyngiomas grow slowly and compress surrounding brain tissue. They 
usually incite an inflammatory response leading to an area of gliosis in the sur- 
rounding brain tissue. The proximity to the pituitary gland and the visual path- 
ways determines the usual clinical presentation. Their size, however, determines 
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Table 4. Endocrine abnormalities noted with craniopharyngiomas* 





Percentage at Presentation 





Hormone with Hormome Deficiency 
Growth hormone 75% 
Luteinizing hormone and 40% 
follicle-stimulating hormone 
Adrenocorticotropic hormone 25% 
Thyroid-stimulating hormone 25% 
Prolactin 20% (elevated due to stalk effect) 





*Modified from: Sklar CA. Craniopharyngioma: endocrine abnormalities at 
presentation. Pediatric Neurosurgery 1994; 21 (suppl):18-20. 


the most common presenting symptom, which is headache. Visual disturbance is 
also frequently seen, primarily due to compression of the optic chiasm and optic 
nerves, which lie directly over the site of origin of these tumors. Endocrine dys- 
function occurs in 60% to 90% of patients at presentation, usually noted as growth 
failure and delayed puberty (see Table 4). 

The typical features of craniopharyngiomas on imaging studies are mixed solid 
and cystic components, calcification, and often a distinct boundary between the areas 
of tumor enhancement and the surrounding brain. Hydrocephalus is also a common 
feature. Calcification is best visualized on CT scans, while MRI is indispensable for 
determining the specific anatomical relationships (Chapter 2, Figs. 29 and 30). 

Endocrine evaluation prior to surgery is necessary to determine baseline hor- 
monal levels and need for replacement. Essential tests for anterior pituitary function 
include fasting growth hormone (GH), serum cortisol, adrenocorticotropic hor- 
mone (ACTH), thyroid-stimulating hormone (TSH), thryoid hormone, and pro- 
lactin values. Posterior lobe function is assessed by measuring serum osmolality, 
serum electrolytes and urine specific gravity. Provocative tests such as dexametha- 
sone suppression tests (tests negative feedback from the hypothalamus to the pitu- 
itary) and glucose suppression (for testing GH response) are sometimes required to 
define the endocrine abnormality. Complete neuro-ophthalmological testing should 
be done preoperatively if possible. 


Treatment and Results 

The mainstay of treatment for craniopharyngioma remains surgery. If severe 
hydrocephalus is present, an emergency ventriculostomy may be necessary at first. 
Controversy exists as to the extent of surgical resection that should be attempted. 
The surgical approach often depends on the exact location of the tumor with respect 
to the chiasm and its suprasellar extension. The principles of resection involve iden- 
tification of vital structures, early decompression of the cyst and dissection of the 
tumor from the surrounding brain. The tumor capsule itself can be densely adher- 
ent to the structures such as the pituitary stalk, optic nerves and hypothalamus. 
Radical surgery, while offering the greatest possibility of long term tumor control, is 
also associated with higher morbidity. 
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In the event that a subtotal resection is achieved, adjunctive therapy usually 
consists of conventional fractionated external beam radiation therapy up to a dose 
of 55 Gy. Regardless of whether radical surgery or radiation is used, endocrine 
replacement, partial or complete, is often the rule. Diabetes insipidus is often un- 
avoidable in the majority of these cases. The long term survival for these patients is 
uncertain. Successful radical resection or limited surgery and radiation therapy appear 
to have similar 10-year survival rates (approximately 80-90%). Other adjunctive 
therapies include Gamma Knife® radiosurgery, intracavitary bleomycin and 
intracavity radiation. 


Optic-Pathway Glioma 


Clinical Presentation and Evaluation 

These tumors are defined as low-grade astrocytomas that occur within the optic 
pathways. Various components of the optic pathways can be involved: optic nerves, 
optic chiasm, optic tracts and/or hypothalamus. Only 10% of optic-pathway tu- 
mors are restricted to the optic nerves. Thirty percent are bilateral and more than 
half involve the chiasm or hypothalamus (Chapter 2, Fig. 28). Tumors involving the 
optic nerves present with visual loss and/or proptosis. Patients with chiasmatic/hy- 
pothalamic gliomas are usually younger than 5 years of age at diagnosis. They present 
with signs and symptoms of hypothalamic dysfunction, visual impairment, obstruc- 
tive hydrocephalus, or an active endocrinopathy. Other signs and symptoms may 
include the diencephalic syndrome, diabetes insipidus, anorexia, obesity, hypersom- 
nia, precocious puberty, nystagmus, macrocephaly, hemiparesis and seizures. Ap- 
proximately one third of patients with neurofibromatosis type 1 (NF 1) will develop 
an optic-pathway glioma. The evaluation should include high-resolution MRI scans, 
a complete visual examination and an assessment of endocrine function. 


Treatment 

The involvement of important structures precludes a complete surgical resec- 
tion, with the exception of optic-nerve gliomas restricted to the optic nerve. Unless 
proptosis is severe, a single optic-nerve glioma can be observed until there is evi- 
dence of extension posteriorly or loss of vision. Then, the optic-nerve glioma can 
be excised completely. In general, the tumor cannot be removed without jeopardiz- 
ing visual function. Posteriorly located optic-pathway gliomas can be debulked to 
relieve mass effect, or if relief of hydrocephalus is needed. For any of these proce- 
dures, great care must be taken to avoid injury to the hypothalamus and to protect 
existing vision. Adjunctive therapy is often used to stabilize tumor growth. In older 
children, external-beam radiation therapy is the mainstay of treatment, although 
newer chemotherapy protocols have been used in both younger and older children. 


Suprantentorial Hemispheric Tumors 

Low-grade gliomas account for the majority of supratentorial tumors in chil- 
dren. Although some of these are in the sellar region (see above), most are located 
within the brain parenchyma and are of neuroepithelial origin. The majority of 
these tumors are low-grade astrocytomas, with the remainder being mixed gliomas, 
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oligodendrogliomas, gangliogliomas and a variety of other unusual tumor types. 
High-grade astrocytomas (WHO grade III and IV) can also occur in children, al- 
though far less frequently than in adults. 


Astrocytoma 


Clinical Presentation and Evaluation 

Three patterns of clinical presentation exist: seizures, focal neurological deficits 
and/or symptoms of increased intracranial pressure (headache, nausea and vomit- 
ing). These patterns reflect the infiltrative nature of these tumors. Some tumor types 
such as ganglioglioma and dysembryoplastic neuroepithelial tumor almost always 
present with seizures. 

The MRI appearance can vary. Pilocytic astrocytomas (WHO grade I) are usu- 
ally well-circumscribed tumors that enhance markedly following gadolinium ad- 
ministration. The presence of enhancement with this tumor type does not correlate 
with aggressive behavior. Grade II astrocytomas are usually low intensity on 
T1-weighted images, and high intensity on T2-weighted images (Chapter 2, Fig. 
25). There can be subtle mass effect. Higher-grade tumors can demonstrate varying 
degrees of enhancement. These tumors can be difficult to differentiate from other 
higher-grade tumors such as malignant ependymomas and PNETs that also occur 
in the cerebral hemispheres. 


Treatment 

Most children who present with a single mass lesion in the brain will require a 
diagnostic procedure, either a biopsy or surgical excision. In general, since metatstatic 
disease to the brain is exceedingly rare, it is not productive to obtain screening imaging 
of the chest and abdomen. Preoperative preparation is usually restricted to steroids 
and anticonvulsants. If a child presents with mass effect from a large lesion, surgery 
must be expedited, but usually the procedure can be performed electively. If the 
lesion is located superficially, or in a noneloquent area, most surgeons will plan to 
excise the mass entirely. If the lesion is located within eloquent areas (e.g., basal 
ganglia, motor cortex orspeech cortex), a needle biopsy assisted by MRI-guided 
frameless stereotaxy can be done safely. In some cases, the results of the needle bi- 
opsy will prompt a more aggressive second procedure. 

In general, obtaining a gross total resection or near gross total resection provides 
a major prognostic advantage. Specific techniques that improve the ability of the 
surgeon to remove tumors located within or near eloquent cortex include awake 
craniotomy with brain mapping, functional imaging such as functional MRI, and 
magnetic source imaging. Awake craniotomy remains the gold standard for map- 
ping functional cortex, but due to the degree of patient cooperation required, most 
children under the age of 14 years cannot cooperate adequately. For younger chil- 
dren, if functional information is required, subdural grids can be implanted and 
bedside testing can be performed when the child is completely awake. 

Adjunctive therapy for low-grade astrocytomas remains controversial. For hemi- 
spheric pilocytic astrocytomas, similar to the situation with cerebellar pilocytic as- 
trocytomas, gross total resection is usually curative. For incompletely resected pilocytic 
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astrocytomas, expectant observation with serial imaging is indicated. Grade II astro- 
cytomas represent an area of ongoing treatment controversy. If such tumors can be 
resected completely, patients should be followed expectantly with serial imaging. 
Some investigators, however, recommend adjuvant therapy in this situation, usually 
external beam radiation therapy. The improvement in progression-free survival (fol- 
lowing radiation) must be balanced against the long-term cognitive sequelae and 
risk of secondary malignancy. The 5-year progression-free survival for completely 
resected grade II astrocytomas is approximately 75% to 90%. For incompletely 
resected grade II tumors, there is disagreement whether these patients should receive 
external-beam radiation postoperatively, or at time of progression. In addition, most 
current investigational trials are exploring the efficacy of chemotherapy both as de- 
finitive therapy and as a means to defer radiation. 

The conventional treatment of high-grade astrocytomas remains maximal surgi- 
cal resection followed by external-beam radiation (~5500-6000 cGy) to the local 
area. Median survival for these children remains poor, in the range of 1.5 to 3 years. 
Aggressive chemotherapy regimens have provided some hope, but long-term sur- 
vival remains very low. 


Choroid Plexus Tumors 


The choroid plexus is a specialized epithelial tissue that is found in all ventricles 
of the brain. CSF is mainly produced by the choroid plexus, although a certain 
fraction is derived directly from the interstitial spaces of the brain. Neoplastic 
transformation can occur leading to either benign tumors (choroid plexus papillo- 
mas) or malignant tumors (choroid plexus carcinomas). As expected, these tumors 
are found within the ventricles. The most common location is the lateral ventricles, 
followed by the fourth ventricle, then the third ventricle. Although relatively un- 
common overall, choroid plexus tumors are more common in infants. 


Clinical Presentation and Evaluation 

These tumors usually present with hydrocephalus. The cause of the hydro- 
cephalus can either be obstruction of the CSF pathways or overproduction of 
CSE since the neoplastic tissue is still capable of secreting CSE The MRI appear- 
ance of a choroid plexus papilloma is characteristic: a brightly enhancing mass 
with well-defined papillary structure (Chapter 2, Fig. 15). There is clear demarca- 
tion between the tumor and the surrounding ventricular wall. Often the blood 
vessels supplying the tumor, either the anterior or posterior choroidal arteries, are 
hypertrophied and can be identified on MRI or MR angiography. These vessels 
can sometimes be embolized preoperatively. 


Treatment 

Surgical resection of the tumor is the primary treatment modality for choroid 
plexus papillomas. Gross total resection is curative. For choroid plexus carcinomas, 
brain invasion can occur, making gross total resection much more difficult, and 
adjuvant treatment is necessary—radiation used in older children, and chemotherapy 
is used in younger children. Preoperative chemotherapy has been successful in re- 
ducing the vascularity of carcinomas in preparation for surgery. In general, 5-year 
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survival with choroid plexus carcinomas is approximately 50%. If hydrocephalus 
persists following tumor resection, a VP shunt may be required. 


Pineal Region Tumors 


Clinical Presentation and Evaluation 

The pineal gland is a diencephalic diverticulum that is composed of primary 
pineal cells (pineocytes), glial cells, displaced germ cells and meningeal cells. Each of 
these cell types can undergo neoplastic transformation (Table 5). The clinical pre- 
sentation of pineal region tumors falls into 3 typical patterns: (1) hydrocephalus 
related to the obstruction of the CSF pathways at the level of the aqueduct of Sylvius, 
(2) compression of local structures, or (3) endocrine dysfunction in the event of 
hypothalamic invasion. Hydrocephalus is the most common presentation, and chil- 
dren will present with vomiting, headache, or failure to thrive. The typical visual- 
movement abnormality seen with both hydrocephalus and compression of the tectal 
plate is failure of upward gaze, or Parinaud’s syndrome. 


Table 5. Histological types of tumors and masses arising in the pineal region 





Tumors of pineal parenchymal cells Pineoblastoma; pineocytic or 
retinoblastomatous differentiation 
Pineocytoma; astrocytic, neuronal 
or mixed differentiation 


Tumors of germ cell origin Germinoma (dysgerminoma, seminoma, 

atypical teratoma) 

Embryonal carcinoma (totipotent) 

Endodermal sinus tumor 
(extraembryonic structures) 

Choriocarcinoma (extraembryonic) 

Teratoma (the only tumor in this group 
either malignant or benign) 


Tumors of glial and other cell origin Astrocytoma 
Glioblastoma 
Ependymoma 
Oligodendroglioma 
Choroid plexus papilloma 
Meningioma 
Hemangiopericytoma 
Metastases 


Non-neoplastic cysts and masses Pineal cysts (common incidental finding 
on autopsy or MRI) 
Cavernoma 
Epidermoid cysts 
AVM 
Vein of Galen aneurysm 
Inflammatory lesions (e.g., abscess, TB) 
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Since spread through the CSF pathways is a common feature of specific histo- 
logical types, a spinal MRI, in addition to a detailed cranial MRI, is mandatory early 
in the evaluation (Chapter 2, Figs. 35-37). Serum and CSF is sampled for the pres- 
ence of specific proteins. Alpha feto-protein is a glycoprotein produced by 
fetal-yolk-sac elements, typically endodermal sinus tumors (>1,000 ng/mL), although 
mild elevations are seen with embryonal-cell carcinoma and immature teratoma. 
Beta human chorionic gonadotrophin (B-hCG) is produced by placental tropho- 
blastic tissue, is typically elevated in choriocarcinoma (>2,000 ng/mL), and is mildly 
elevated in embryonal cell carcinoma and germinoma. Elevation of placental alka- 
line phosphatase (PLAP) is reported to be a relatively specific finding for germinoma, 
although its sensitivity is questionable. 


Germinoma 

At times, germinomas will have a synchronous lesion in the hypothalamus, or 
even spread through the CSF pathway. The treatment of germinoma is controver- 
sial, except that surgery is usually not used as definitive treatment. Although a ‘test’ 
dose of radiation has been suggested in order to avoid a diagnostic biopsy, histologi- 
cal confirmation should be obtained whenever possible. This can be done via open 
craniotomy, stereotactic biopsy, or endoscopic biopsy through the third ventricle. 
Both radiation therapy and chemotherapy are effective in the treatment of germi- 
noma. The standard radiation dose is 4800 cGy (or more) to the tumor area. 
Long-term survival is in excess of 80%. 


Nongerminomatous Germ Cell Tumors 

Nongerminomatous germ cell tumors (NGGCT) fall into several histological 
categories: embryonal cell carcinoma, endodermal sinus tumor, choriocarcinoma 
and teratoma. If serum markers are positive, the diagnosis of an NGGCT is pre- 
sumed and chemotherapy should be begun, with surgery reserved for residual dis- 
ease. These tumors generally show varied responses to adjunctive therapies. Their 
response to radiation is generally poor. 


Pineocytoma and Pineoblastoma 

Pineocytomas are histologically benign tumors that arise from primary pineal 
cells. They grow slowly and present with the general pattern of pineal region masses. 
It is reported that gross total resection is curative. Certain subsets of pineocytomas 
can spread through the subarachnoid space and are likely to be more biologically 
aggressive. Some authors advocate cranial radiation for pineocytoma. Pineoblastomas 
are histologically similar to primitive neuroectodermal tumors. Regions of the tu- 
mor can undergo a variety of types of differentiation. These tumors tend to dissemi- 
nate through the subarachnoid space early. Gross total resection is technically difficult 
to achieve with these tumors, and long-term survival despite aggressive adjuvant 
therapy remains low. 
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Adjunctive Treatment 


Radiation 

Radiation therapy and chemotherapy are used extensively to treat pediatric brain 
tumors. A few caveats are important. The developing nervous system is exquisitely 
sensitive to the effects of ionizing radiation. Craniospinal in radiation in children 
younger than 3 years of age has devastating neuropsychological sequelae. Even in 
older children, radiation can lead to decline in intellect and decreased school perfor- 
mance. Another added risk is the development of secondary malignancies, espe- 
cially for those children cured of the primary tumor. Some of the consequences of 
radiation are being addressed by the use of conformal techniques, radiosurgery and 
implanted radiation seeds. The long-term effects of these local techniques in chil- 
dren is unknown. 


Conclusion 

Central nervous system tumors are the second-most common malignancy ob- 
served in children. They differ from adult brain tumors in terms of their location, 
pattern of growth, symptoms and treatment. Fortunately, most of these tumors are 
responsive to surgery and adjunctive treatment. Although success is possible with 
truly benign tumors such as the cerebellar astrocytoma, other tumors such as cran- 
iopharyngioma and brainstem gliomas remain technical and biological challenges. 
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Neonatal Neurosurgery 


Max C. Lee and David M. Frim 


Initial Evaluation 

The neonatal period presents unique challenges to the neurosurgeon, especially 
in terms of patient size, developmental stage and impact upon long-term outcome. 
In newborns, the neurological examination is often limited (see Chapter 1) and 
significant intracranial abnormalities can exist without causing neurological defi- 
cits. The immediate management of a newborn focuses on resuscitation: airway, 
breathing and circulation. Infants delivered at term may only require limited 
suctioning before normal respiration starts. Premature infants, conversely, may need 
aggressive resuscitation, including intubation and ventilation. 

In most cases, neurosurgical problems in the neonatal period are caused either by 
trauma or developmental anomalies. The physical examination should focus on these 
two areas. First, the cranial vault and extremities should be examined carefully for 
bruising, swelling, or deformity. Scalp swelling and cranial injuries can often be very 
difficult to distinguish from molding occurring as a result of a normal vaginal deliv- 
ery. If any doubt exists, an imaging study should be considered. The dorsal midline 
axis from nose to coccyx should be carefully examined for any cutaneous sign indicat- 
ing an abnormality in neural tube closure (see Chapter 8 for more details). 

The head circumference must be measured and plotted on appropriate charts 
after correcting for gestational age. Hydrocephalus can result from many precipitat- 
ing conditions and can be completely asymptomatic aside from a large cranial vault. 
Normal head circumference growth is 0.5 to 0.75 cm/week for the first 3 weeks and 
1 cm/week thereafter. It should be noted that approximately 80% of final head 
growth is completed by 3 years of age. The anterior and posterior fontanelles pro- 
vide unique access to the intracranial compartment and an indirect reflection of 
intracranial pressure (ICP). The anterior fontanelle is diamond shaped and usually 
closes by 18 months of age. The posterior fontanelle is triangular in shape and closes 
by 2 to 3 months. In infants with raised ICP the fontanelle bulges and does not 
become depressed when the infant is held upright. 


Birth Injuries 

Birth injuries are divided into two categories: (1) those caused by normal forces 
of labor, and (2) those caused by obstetrical interventions. These interventions 
include vacuum extraction, forceps application, invasive fetal monitoring and ce- 
sarean section. Further subclassification include injuries involving the central ner- 
vous system (CNS) versus the peripheral nervous system and intracranial versus 
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extracranial location. With increased awareness and improved practices, the inci- 
dence of all birth injuries appears to be declining. 


Extracranial Hemorrhage 

Extracranial hemorrhage can be classified by the location of the hemorrhage in 
the scalp. The layers of the scalp from external to internal are: skin, connective 
tissue, aponeurosis (galea), loose connective tissue and pericranium (remembered 
by the acronym ‘SCALP’). Following normal vaginal delivery, scalp swelling is com- 
monly observed and is termed caput succedaneum. This hemorrhage is typically 
located in the midline of the posterior parietal region. It seldom leads to a significant 
reduction in the hematocrit and is usually self-limiting. A hematoma in the subgaleal 
space, however, may lead to rapid loss in hematocrit, although evacuation is rarely 
indicated. A cephalohematoma is a subperiosteal hemorrhage attributed to skull 
distortion or skull fracture. It can also occur from placement of a fetal scalp monitor 
into the cranial vault. This hematoma is limited by the boundaries of the perios- 
teum or suture lines, and for this reason dramatic loss of blood volume is rare. Most 
cephalohematomas resolve spontaneously, although some can ossify over time. This 
skull deformity may require surgical repair if it is in a visible location. 


Intracranial Hemorrhage 

Although trauma is the most common cause of hemorrhages observed in new- 
born infants, the possibility of an underlying coagulopathy or pathological source 
must be considered. Surgical evacuation of these hematomas is infrequently required. 
Intracranial hemorrhage is usually classified by location. 

Epidural. Usually associated with trauma such as skull fracture or dural venous 
sinus injury (see Chapter 2, Fig. 2). 

Intradural. Rare, but can occur ifa tear occurs in cerebellar falx or cerebellar 
tentorium. 

Subdural. Observed in term and premature infants. Traumatic subdural he- 
matomas have been associated with vacuum-assisted and forceps-assisted 
deliveries, at times occurring with depressed skull fractures (see Chapter 
2, Fig. 3). Atraumatic hemorrhage has been reported with stroke and 
vascular malformations. 

Subarachnoid. Very common, with increased incidence in premature in- 
fants. Presumed to be caused by shearing forces on cortical vessels. Vasos- 
pasm does not occur. 

Intraparenchymal. Small intraparenchymal hemorrhages may be under-rec- 
ognized, but are of limited significance. Occasionally, large hemorrhages 
occur leading to long-term neurological deficits. 

Intraventricular. Small amounts of blood within the ventricular system are 
very common following vaginal delivery, but are of limited significance. 


Skull Fracture 

With the normal forces of labor, skull fractures may develop from pressure of the 
skull on the ischeal tuberosity. This type of fracture is usually located around the 
prominent portion of the parietal bone. Linear fractures are frequently depressed 
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below the level of the calvarium. Typically described as a “ping pong” fracture, the 
inner cortical surface is expanded and fractured, while the outer table is pushed 
inwards. Skull fractures and associated deformities can also occur from the use of 
forceps during delivery. 

Surgical indications for elevation of a depressed skull fracture include an intrac- 
ranial hematoma necessitating evacuation, cosmetic reconstruction, or the presence 
of an underlying parenchymal injury (although this may not be necessary if the 
injury is minor). Early elevation is often straightforward, requiring simple outward 
pressure exerted by an instrument inserted through a small burr hole placed at the 
perimeter of the depressed fragment. Rarely, a craniotomy is required. 


Brachial Plexus Injury 

The incidence of brachial plexus injury is 1 to 4 per 1000 live births per year, or 
10 times more common than spinal-cord injuries. The mechanism of injury is gen- 
erally from shoulder dystocia during delivery. Other risk factors include high birth 
weight, breech presentation, primiparous mother and assisted delivery. Three gen- 
eral patterns of injury are recognized (see also Chapter 3). The majority of injuries 
are upper brachial plexus injuries involving the C5 and C6 nerve roots; signs in- 
clude weakness in shoulder adduction, elbow extension and wrist flexion. This syn- 
drome complex is also known as Erb’s palsy. A lower plexus injury affects the C7, C8 
and T1 nerve roots, resulting in weakness of the intrinsic muscles of the hand, wrist 
and elbow extension. This type of injury is also known as Klumpke’s palsy. If the 
entire arm is affected, global weakness and loss of function results. 

Upper brachial plexus injuries are attributed to stretching of the brachial plexus 
by an increase in the angle made by the head and shoulder in the delivery process. 
Lower brachial plexus injuries usually result from an upward traction of the arm 
relative to the head. Other rare causes include upper limb compression by the um- 
bilical cord, amniotic band, or a bicornuate uterus. Clavicular and humeral frac- 
tures should be excluded before the diagnosis of a plexus injury can be confirmed. 

Injuries can also be subclassified by severity of injury into three general groups: 
neuropraxia, neuroma in continuity and nerve-root avulsion. Neuropraxia is de- 
fined as a physiological disruption without anatomic injury, and spontaneous recov- 
ery is the rule. A neuroma in continuity implies a loss of nerve fiber integrity with 
the overall nerve remaining intact. A neuroma implies disordered regeneration with 
loss of normal conduction across the site of injury. Spontaneous recovery can occur, 
although it is often partial. Nerve-root avulsions, as is implied, involves separation 
of the nerve roots from the spinal cord, and regeneration and spontaneous recovery 
do not occur. Because most brachial plexus injuries recover spontaneously, expect- 
ant management for 6 to 9 months is the preferred option. Outcome can be inferred 
if recovery occurs rapidly. Failure of any recovery by 6 months suggests a more 
severe injury. Early surgery for more severe injuries is advocated by some authors 
because of the limited additional recovery after 6 months and the presence of irre- 
versible neuropathic muscle degeneration if reinnervation does not occur by 12 
months. In general, patients undergoing neurolysis and nerve grafting have more 
favorable outcomes compared to those who undergo neurotization. 
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Spinal-Cord Injury 

The incidence of spinal-cord injury (SCI) is believed to be declining, mainly due 
to improvements in obstetrical technique. SCI is attributed to increased force ap- 
plied to the spine during delivery. The major predisposing factors include the im- 
maturity of the tissues and the overall laxity of the primary ligaments responsible for 
preserving spinal stability. Thus, SCI may occur in the absence of a major structural 
injury to the vertebral bodies or ligaments. Operative intervention is rarely indi- 
cated. While expectant management with bracing is common, decompression is 
occasionally warranted. Unfortunately, most injuries involve the upper cervical spi- 
nal cord and result in quadriparesis and the need for ventilatory assistance. 


Posthemorrhagic Hydrocephalus 
Classification 


Intraventricular hemorrhage ([VH) and germinal matrix hemorrhage in prema- 
ture infants are common causes of hydrocephalus in the neonatal period. These 
types of hydrocephalus are identified as posthemorrhagic hydrocephalus (PHH), to 
distinguish them from other forms of hydrocephalus occurring in infancy. The cause 
of PHH is related bleeding within the germinal matrix (GM). The GM is thought 
to be a vascular watershed zone that is particularly vulnerable to ischemic, hypoxic 
and hypotensive events. The chance of developing PHH correlates with the severity 
of the IVH, although the exact pathogenesis is poorly defined. An early increase in 
ventricular size may signal an early failure of (CSF) absorption, but does not invari- 
ably lead to progressive hydrocephalus. Ventricular size can stabilize if the CSF pro- 
duction and absorption balances. With imaging, usually trans-fontanelle ultrasound 
(see Fig. 1), GM, and IVH are divided into four groups: 


I. Subependymal location only 

I. IVH without ventricular dilation 

UI. IVH with ventricular dilation 

IV. IVH with extension into the brain parenchyma 


Twenty to 50 percent of patients with IVH will develop progressive hydroceph- 
alus. These patients usually have grade III or IV IVH; rarely will grade I] IVH lead 
to hydrocephalus. This malabsorptive state is attributed to cellular debris and the 
breakdown products of blood inhibiting absorption of CSF in the arachnoid granu- 
lations and adhesive arachnoiditis. 


Treatment 

In infants with very low birth weights, the risk of [VH is reduced by minimizing 
fluctuations in blood pressure, while optimizing perfusion through the brain. Ante- 
natal corticosteroids, ethamsylate and low dose indomethacin have been evaluated 
as preventative agents. After IVH has occurred, the goal of medical therapy is to 
maintain normal blood pressure and oxygenation. If ventricular size begins to in- 
crease, drugs such as acetazolamide and furosemide have been found to control 
acute ICP changes, but do not alter the need for shunting. A randomized trial exam- 
ining the role of diamox did not show a beneficial effect. 
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Figure 1. Coronal ultrasound images demonstrating Grade | (A), II (B), III (C) and IV 
D) germinal matrix and intraventricular hemorrhages. The arrows demonstrate the 
echogenic hematoma in panels A-C. Cystic change in the brain parenchyma is 
illustrated in panel D (arrow). 





The decision to treat PHH is made after measuring the head circumference over 
a period of time, following ventricular size on serial head ultrasound examinations, 
and assessing whether or not the infant is symptomatic. Interventions begin with 
minimally invasive procedures such as multiple lumbar punctures (LP), or ventricu- 
lar taps (see Chapter 14). Neither LPs or ventricular taps have been shown to affect 
the ultimate need for permanent shunt placement in patients with PHH. 

If there is evidence of ongoing CSF accumulation despite needle aspirations, a 
permanent CSF shunt is preferred. Technical problems related to shunt placement 
in neonates include proteinaceous CSF leading to earlier shunt obstruction, the 
fragility of the abdominal viscera, wound breakdown from erosion of the skin over 
the shunt hardware and delayed wound healing. Permanent shunt placement is 
avoided until infants weigh more than 1750 to 2000 g. Those infants requiring CSF 
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diversion can be treated by other alternatives such as external ventricular drainage or 
placement of a subcutaneous tapping reservoir. In the former, a ventricular catheter 
is placed in the frontal horn of the lateral ventricle and is connected to an external 
drainage bag, while in the latter, the catheter is attached to small subcutaneous sili- 
cone reservoir that can be aspirated repeatedly. Placement of a subcutaneous tap- 
ping reservoir is the preferred method of CSF drainage in most centers, with 
continuous drainage through an external catheter being avoided because of infec- 
tious complications. A newer option is placement of a ventriculosubgaleal shunt 
that directs CSF from the ventricle into the subgaleal space where some absorption 
occurs into the soft tissues of the scalp. This avoids the need for repeated aspirations, 
but does not work in all situations. 


Congenital Anomalies of the Brain and Spinal Cord 
Spinal Dysraphism 


Spinal dysraphism refers to a variety of congenital nervous system anomalies that 
arise from failures in neural tube formation and are discussed in greater detail in 
Chapter 8. Myelomeningocele is the most common developmental nervous system 
disorder, although its incidence is decreasing, presumably bacause of prevention by 
the use of folic acid during pregnancy, and also due to early diagnosis leading to 
termination. A practical method of grouping the various forms of spinal dysraphism 
is into the open (‘aperta’) and closed (‘occulta’) categories. Myelomeningocele is an 
example of an open neural tube defect and is defined by the presence of an unclosed 
spinal cord that is displaced dorsally by a ventral CSF collection. The postnatal 
diagnosis is clear, with an obvious CSF-filled sac visibly protruding through a dorsal 
defect in the spine and soft tissues. If the sac ruptures, with a corresponding release 
of CSE the neural tissue may spontaneously reduce into a more ventral position. In 
the neonatal period, the treatment goals are prevention of infection by early closure 
of the defect and placement of a VP shunt if hydrocephalus is present. Additional 
problems that require the participation of other specialties include hip dislocation, 
clubfeet, scoliosis and kyphosis and urinary retention. 

Spina bifida occulta consists of a number of anomalies that range from minor 
anatomical abnormalities (e.g., fatty filum terminale) to extremely severe anomalies 
that can cause severe neurological compromise (e.g., lipomyelomeningoceles, spinal 
cord lipoma, split cord malformations and myelocystoceles). The presence of nor- 
mal skin covering these anomalies means that immediate repair to prevent infection 
is not required. Often, repair is delayed until later in the first year of life. 


Encephaloceles 

An encephalocele is a protrusion of brain and meninges beyond the confines of 
the skull. Most are covered by skin although this is not always the case. They are 
usually divided into anterior and posterior groups. The anterior group is further 
subdivided into those encephaloceles that extend between the frontal bone and other 
facial bones, and those that can extend inferiorly through the skull base. This latter 
group may not have any obvious visible anomaly, and only come to attention when 
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other neurological deficits are detected. The cause of encephaloceles is believed to 
arise from arrested closure of mesodermal tissue, with early protrusion of brain neu- 
ral tissue through the defect. 

While closed lesions may be observed, open lesions and lesions with symptom- 
atic mass affect (e.g., airway obstruction) may need early closure. Repair of an en- 
cephalocele is similar to a myelomeningocele repair. The external sac is opened and 
nonfunctional extracranial tissue is excised. The dura is closed or a pericranial graft 
is used to form a watertight closure. Long-term outcome is usually dependent upon 
the amount of nervous tissue within the encephalocele and the presence of hydro- 
cephalus. Small encephalocele are compatibles with normal cognitive function. 


Congenital Tumors 

Congenital tumors are extremely rare, representing 2% to 5% of all childhood 
brain tumors. They are detected either antenatally during a screening ultrasound or 
postnatally in the setting of hydrocephalus. The pathology of these tumors is di- 
verse, but most are primitive neuroectodermal tumors (PNET), teratomas, astrocy- 
tomas, or choroid plexus neoplasms. 


Vascular Malformations 

Cerebral vascular malformations are divided into four types: arteriovenous mal- 
formations (AVM), cavernous angiomas, capillary telangiectasias and developmen- 
tal venous anomalies. These malformations are discussed in greater detail in Chapter 
12. AVMs are congenital malformations formed in the sixth to eleventh week of 
gestation and are located within the brain parenchyma. The physiological abnor- 
mality is a low-resistance shunt directing blood from the high-pressure arterial tree 
to the low-pressure venous system. These malformations can present in a variety of 
ways in the neonatal period, including macrocephaly secondary to hydrocephalus, 
spontaneous hemorrhage, or high-output cardiac failure. Hydrocephalus may occur 
secondary to intraventricular hemorrhage or from venous hypertension. 

Vein of Galen malformations (VOGM) are a rare type of arteriovenous malfor- 
mation, that are usually diagnosed during the first year of life. An arteriovenous 
shunt directs arterial blood directly into the vein of Galen, which can become enor- 
mously dilated. If the shunt is large, high-output cardiac failure can develop and is 
the most common presenting sign in the neonatal age group. 
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Hydrocephalus 


David M. Frim and Nalin Gupta 


Introduction 

Hydrocephalus, loosely translated as “water in the head,” is the most frequent 
clinical problem encountered by the pediatric neurosurgeon. On average, 40% of 
the procedures performed by a pediatric neurosurgical practice will be related to a 
diagnosis of hydrocephalus. An understanding of cerebrospinal fluid (CSF) dynam- 
ics, as well as the pathophysiology of CSF malabsorption, greatly facilitates the deci- 
sion-making used in the treatment of hydrocephalus. In this chapter, we describe a 
practical approach to the treatment of various forms of hydrocephalus. 


Definitions 

Hydrocephalus is defined as a mismatch between CSF production and absorp- 
tion, often leading to an abnormal accumulation of fluid within the ventricular 
system and an increase in intracranial pressure (ICP). This must be contrasted 
with ventriculomegaly, or simple enlargement of the ventricles, which can occur 
in the situation of decreased brain volume from atrophy or brain injury (also 
known as hydrocephalus ex vacuo), or may be a normal variation in some indi- 
viduals. A variety of classification systems are used to describe hydrocephalus and 
have led to confusion regarding the underlying physiology and pathogenesis. His- 
torically, hydrocephalus has been divided into two types: communicating and 
noncommunicating. Communicating hydrocephalus typically refers to uniform 
enlargement of all four ventricles occuring when CSF is not absorbed through the 
arachnoid villi, with normal ‘communication’ within the ventricular system. An 
enlargement of some of the four ventricles is usually referred to as noncommunicating 
hydrocephalus. One example of noncommunicating hydrocephalus is in the setting 
of aqueductal stenosis, which leads to an enlargement of the two lateral ventricles 
and the third ventricle in the absence of fourth ventricular enlargement. 

Other classifications, such as obstructive and absorptive, are based on the patho- 
physiology of the underlying hydrocephalus. Obstructive is generally synonymous 
with noncommunicating hydrocephalus and absorptive with communicating hydro- 
cephalus. A gradual increase in ventricular size caused by hydrocephalus can stabilize 
by reaching a new equilibrium. The patient has no signs or symptoms of raised ICP. 
This situation is referred to as compensated hydrocephalus. Uncompensated hydro- 
cephalus, by comparison, is associated with increased ICP, neurological symptoms 
and signs, and usually, progressive dilatation of the ventricles. This is the clinical situ- 
ation where treatment is indicated. 
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Finally, hydrocephalus can be present at birth, in which case it is termed con- 
genital. Hydrocephalus occurring later in life is termed acquired. Neither of these 
terms specify cause and the same etiology can cause either congenital or acquired 


hydrocephalus. 


Physiology of CSF Production and Absorption 

CSF is formed by the choroid plexus located in the lateral, third and fourth 
ventricles. Approximately 50% to 80% of CSF is produced by the choroid plexus 
through an energy-dependent active transport process involving the enzyme car- 
bonic anhydrase. The remainder is derived from the extracellular space of the brain. 
In adults, the total production of CSF is 0.3 mL/min, or approximately 400 to 500 
mL/day. The production of CSF is mainly dependent upon perfusion of the choroid 
plexus and, therefore, the patient’s blood pressure. CSF production remains con- 
stant across the normal range of ICP; ICP has to approach mean arterial pressure 
before CSF production is affected. At this range of ICP, cerebral tissue perfusion is 
also markedly affected. Pharmacological agents such as acetazolamide (DiamoxO) 
that inhibit carbonic anhydrase can temporarily affect CSF production, but are not 
effective for the long-term treatment of hydrocephalus. 

The choroid plexus is found in each of the 4 ventricles and is a specialized epithe- 
lial tissue. A blood-brain barrier does exist in the choroid plexus because the epithelial 
cells have tight junctions between them. The bulk flow of CSF is from the lateral 
ventricles through the foramina of Monro into the third ventricle. CSF then flows 
through the aqueduct of Sylvius into the fourth ventricle (Fig. 1). There are 3 outlets 
from the fourth ventricle: the foramen of Magendie and the paired foramena of Luschka. 
The exact pattern of CSF flow through the spinal subarachnoid space is not precisely 
understood. There is some flow of CSF into the central canal of the spinal cord, and 
both up and down in the area surrounding the spinal cord. Eventually, CSF flows over 





Figure 1. A diagram demon- 
strating the general direction 
of CSF flow from within the 
ventricular system to the basal 
cisterns, and then finally over 
the brain convexities to the su- 
perior sagittal sinus. 
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the convexities of the cerebral hemispheres where it is absorbed in a pressure-dependent 
fashion into the intracranial venous sinus system through the arachnoid villi. This 
process is passive and not energy-dependent. Normally, there is a 5 to 7 mm Hg 
difference in pressure between the dural venous sinuses and the subarachnoid space. 
This is presumably the hydrostatic driving force behind the absorption of CSE Raised 
venous pressures can interfere with CSF absorption and can also create hydrocephalus. 

By definition, hydrocephalus will occur when the brain’s ability to absorb CSF is 
exceeded by production of CSE. The only situation in which CSF production is 
increased enough to cause hydrocephalus is caused by choroid plexus papillomas. 
These tumors contain functional choroid epithelium and can produce very large 
amounts of CSE For virtually all other types of hydrocephalus, a pathological inter- 
ference or obstruction to CSF flow leads to high ICP, which in turn leads to the 
symptoms associated with this condition. 


Clinical Presentation 


Etiology 

A physical obstruction of the ventricular system can lead to hydrocephalus. In 
children, this is usually due to a neoplasm, congenital closure of portions of the 
ventricular system, or an intraventricular hemorrhage. The foramina of Monro are 
small and located immediately above the suprasellar area. Tumors in this region are 
common in children (see Chapter 4) and, if large enough, will obstruct the outflow 
of the lateral ventricles leading to their enlargement. The aqueduct of Sylvius con- 
nects the third and fourth ventricles and is normally about 1 mm in diameter. The 
aqueduct can fail to form or close in utero, leading to massive hydrocephalus that is 
readily apparent at birth. The clue on imaging studies is enlargement of the lateral 
and third ventricles with a normal-appearing fourth ventricle (Fig. 2). Tumors of the 

















Figure 2. MR images demonstrating a massively dilated ventricular system with 
congenital hydrocephalus secondary to acqueductal stenosis. The sagittal image 
(left) shows a normal-appearing fourth ventricle. The tremendous enlargement of 
the lateral ventricles has led to compression of the cerebral mantle with only the 
frontal lobes being visible (right). 
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Table 1. Causes of hydrocephalus* 








Causes Percent 
Intraventricular hemorrhage 24.1 
Myelomeningocele 21.2 
Tumor 9.0 
Aqueductal stenosis 7.0 
Infection 5.2 
Head injury 1:5 
Other 11.3 
Unknown 11.0 
Two or more causes 8.7 





*Modified from: Drake JM, Kestle JR, Milner R et al. Randomized trial of cerebrospinal 
fluid shunt valve design in pediatric hydrocephalus. Neurosurgery 1998; 43:294. 


pineal region and upper brainstem, and intraventricular hematoma can also obstruct 
the aqueduct. Posterior fossa tumors commonly cause hydrocephalus by obstructing 
CSF flow through the fourth ventricles. Finally, inflammatory conditions such as 
meningitis can affect CSF flow. Granulomatous inflammatory disorders such as tu- 
berculosis or sarcoidosis can cause an obliterative meningitis that prevents CSF egress 
from the basal cisterns around the brainstem and posterior fossa. Bacterial meningitis 
usually leads to obliteration of the arachnoid villi, leading to what is commonly called 
communicating hydrocephalus. The majority of new shunts inserted during infancy 
are related to either spina bifida or intraventricular hemorrhage associated with pre- 
maturity (see Chapter 5 for a description of posthemorrhagic hydrocephalus). 


Signs and Symptoms 

The clinical presentation of hydrocephalus depends on the age of the child. 
Neonates with hydrocephalus develop progressive head enlargement, a bulging fon- 
tanelle, and splitting of the cranial sutures. Often, typical symptoms of ICP such as 
bradycardia, lethargy and apnea are absent. This is particularly the case when the 
hydrocephalus is slowly progressive. Congenital hydrocephalus in the newborn is 
not very difficult to diagnose, and is often discovered on an antenatal basis by 
ultrasonography. Later in infancy, hydrocephalus often presents as increasing head 
circumference beyond normal centiles, with or without a bulging fontanelle and 
splitting of sutures. In older children, symptoms and signs of hydrocephalus are 
similar to those seen in adults. They include headache, vomiting, diplopia, ataxia, 
visual loss, or behavioral changes. With severely raised ICP, central brain hernia- 
tion is preceded by the so-called Cushing’s triad of bradycardia, hypertension and 
decreased respiratory rate. 


Diagnostic Evaluation 

In infants and small children, typical symptoms such as irritability and vomiting 
occur with many other medical problems. Imaging studies are indicated when these 
symptoms occur in the context of findings suggestive of an intracranial process (e.g., 
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Figure 3. Ultrasound images taken from the anterior fontanelle in an infant with 
moderate ventriculomegaly and early hydrocephalus. The coronal (left) and sagit- 
tal (right) views are easily obtained in a single study. The abnormal ventricular size 
is apparent. 


lethargy, seizures and increasing head circumference). The initial diagnostic study is 
often a plain computed tomography (CT) scan of the head. This study is available at 
many facilities and often does not require sedation of the patient. It will clearly dem- 
onstrate the ventricular size and usually identifies whether a mass lesion is present or 
not. Ventricular size can be easily determined in infants with a patent fontanelle 
using ultrasound (Fig. 3). Ultrasound has the advantage that sedation is not required 
and the procedure can be repeated frequently without any adverse effects. 

If the patient’s clinical course is rapidly progressive, an intervention must be 
performed before other diagnostic studies are obtained. Usually this means place- 
ment of a ventricular drain through a frontal burr hole. Once the patient is stabi- 
lized, or in cases where the clinical picture is stable without need for immediate 
intervention, there must be an attempt to identify the cause of the hydrocephalus. 
In certain cases the cause is clear from the clinical setting. For example, in premature 
infants with evidence of intraventricular hemorrhage, progressive ventricular en- 
largement and hydrocephalus are clear consequences of the original event. Similarly, 
hydrocephalus occurring after bacterial meningitis is presumed to be due to oblit- 
eration of the subarachnoid spaces and/or arachnoid villi. If hydrocephalus is diag- 
nosed without a clear precipitating cause, a magnetic resonance imaging (MRI) scan 
of the brain should be done to look for common causes of hydrocephalus such as a 
mass lesion, congenital brain anomaly or hemorrhage. 


Treatment 


General 

Hydrocephalus resulting from reversible causes such as intraventricular hemor- 
rhage or meningitis can be treated by temporary means, such as an external ventricu- 
lar drain. Once the underlying cause is treated, the hydrocephalus can also resolve in 
some cases. Medical treatment using diuretics or acetazolamide is generally unsuc- 
cessful. If the hydrocephalus is persistent, then the standard treatment is placement 
of a CSF diversionary device with a pressure-regulating valve, commonly known as a 
shunt. The simplest shunt device would be a plain tube that would begin in the 
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ventricular system and carry CSF to any absorptive surface outside of the brain, such 
as the peritoneum, the pleura, or the vascular tree. For reasons of safety, reduced. 
complications and ease of access, the peritoneal cavity is the distal site of choice. 
There are other sites that lead to excretion of CSE but are not preferred because of 
more significant complications. These sites include the gallbladder and the ureter. 


CSF Shunts 


The construction of reliable valves that regulate CSF flow is a significant focus 
for companies involved in the manufacture of these devices. Shunt valves were ini- 
tially designed as simple differential pressure valves that open if the ICP is above a 
set pressure and close if the ICP is below that pressure (Fig. 4). This design has been 
modified by the addition of other antisiphoning components that address some of 
the physiological limitations. For example, antisiphoning devices do not allow the 
pressure within the shunt tubing to become negative relative to atmospheric pres- 
sure, and thereby prevent overdrainage when patients are sitting or standing. Other 
components include on-off switches, inline telemonitoring devices and tapping 
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Figure 4. A differential pressure shunt valve with a reservoir located proximal to 
the actual valve mechanism. The arrowhead on the actual valve is radioopaque 
and indicates the direction of flow. This type of valve sits flat on the calvarium 
while other designs place the reservoir directly above the burr hole. 


Hydrocephalus 123 





reservoirs. There are also designs that maintain a constant flow of CSF (‘flow-regulated’ 
valves). Finally, programmable valves can be percutaneously reset to variable open- 
ing pressures in order to tailor a setting that minimizes symptoms. Fortunately, most 
patients tolerate fluctuations in ICP and are asymptomatic with a medium pressure 
setting (an opening pressure between 8 and 15 mm Hg). Only a minority of pa- 
tients require ongoing readjustments in valve settings to achieve symptom control. 


Technique of CSF Shunt Placement 


Standard placement of a shunt in the occipital location begins with preoperative 
antibiotic administration and positioning the patient in the supine position with a 
roll under the lower cervical spine biased toward the side of shunt placement. Gen- 
erally, a midline upper abdominal incision is made for peritoneal access, although 
subcostal incisions for lower quadrant access are acceptable. Meticulous preparation 
of the skin, preventing the shunt tubing from touching exposed skin, and double 
gloving of all surgical personnel are important to reduce the risk of shunt infection. 

For ventriculoperitoneal (VP) shunts, a muscle-splitting dissection is used to 
reach the peritoneum. In most children this can be accomplished with an incision of 
approximately 1.5 cm in length. Percutaneous placement of a conduit such as a 
laparoscopic introducer into the peritoneum is an acceptable alternative. A curvilin- 
ear incision is then made in the occipital region 3 cm from the midline and 5 to 7 
cm above the inion. Placement lateral to the lambdoid suture on the flat part of the 
parietal bone is a useful landmark for a smaller child or infant. At this point a hollow 
metal tunneling trocar is used to create a passage from the cranial incision to the 
abdominal incision. The shunt valve and peritoneal catheter are placed into an op- 
timal location, and then the ventricular catheter is introduced into the lateral ven- 
tricle. In infants, this can be done under ultrasound guidance. External landmarks 
can also be used (see Fig. 2, Chapter 14), although for children with abnormal 
anatomy or small ventricles, neuronavigation based upon a preoperative imaging 
study is sometimes necessary. Once the shunt system is connected to the ventricular 
catheter and spontaneous flow of CSF is observed from the distal tubing, the perito- 
neal catheter is placed into the peritoneal cavity. A frontal approach can also be used 
to place a ventricular catheter. 

Ventriculoatrial (VA) shunts can be placed in children of all ages. The technique 
for VP shunt placement is modified to allow access to the internal jugular vein 
either with a percutaneous introducer or open exposure of the facial vein or jugular 
vein. The distal catheter is advanced under fluoroscopic guidance to the junction of 
the right atrium and the superior vena cava. Special distal cathters are required to 
minimize the possibility of thrombus formation. For ventriculopleural (VP!) shunt 
placement, an incision is made over the second or third rib above the nipple and the 
pleural space is reached by dissecting through the intercostal musculature. After the 
pleural catheter is placed, several positive pressure ventilations help to reinflate the 
lung and reduce the likelihood of a pneumothorax; a small pneumothorax is com- 
monly seen after placement of a VPI shunt. Intrapleural placement of 20 to 25 cm of 
additional tubing allows free movement of the catheter within the pleural space and 
also allows for growth in small children. 
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Lumboperitoneal Shunting 

An alternative to placement of the proximal catheter into the ventricles is place- 
ment into the lumbar subarachnoid space. There are devices available for 
lumboperitoneal (LP) shunting that regulate pressure in a posture-dependent fash- 
ion. The subarachnoid catheter itself can be placed through a larger incision or 
percutaneously. The distal catheter is tunneled from the lumbar incision to an upper 
abdominal incision for peritoneal access. 


Endoscopic Third Ventriculocisternostomy 

Using endoscopes adapted for neurosurgical use, surgical fenestration of por- 
tions of the ventricular system for the purpose of bypassing areas of CSF obstruction 
is now possible. The most common procedure, endoscopic third ventriculostomy or 
third ventriculocisternostomy, is the creation of an opening in the floor of the third 
ventricle allowing CSF to pass directly into the prepontine cistern. This is the proce- 
dure of choice for lesions obstructing the aqueduct of Sylvius or with a posterior 
fossa mass. The surgical technique involves using a coronal burr hole to pass a small 
(3 to 6 mm diameter) endoscope into the lateral ventricle and then through the 
foramen of Monro into third ventricle. The retro-chiasmatic space and mamillary 
bodies are identified and an ostomy is created in the anterior floor of the third 
ventricle posterior to the retro-chiasmatic space. 


Shunt Malfunction 


Repeated shunt malfunction is the primary long-term problem with CSF shunts 
(Fig. 5). The most common type of failure is obstruction secondary to overgrowth 
from the ependyma or choroid plexus. Approximately 50% of all shunt malfunc- 
tions arise from obstruction of either the proximal catheter (70%), distal catheter 
(20%), or other portions of the shunt (10%). The remainder of shunt failures can be 
divided into shunt infection (see next section), component fracture, skin break- 
down, or symptoms related to shunt overdrainage. Approximately 50% of newly 
inserted shunts will fail in the first 2 to 3 years after insertion. In a randomized trial 
of various shunt designs, the overall 1-year failure rate was 40%. Only 30% of shunts 
remain functioning 3 years after insertion. Children younger than 6 months of age 

















Figure 5. Typical causes of shunt malfunction: obstruction of the proximal catheter 
left image); obstruction of the valve with blood and debris (middle image); and 
fracture of the valve (right image). 
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at time of insertion have higher shunt malfunction rates than older children. While 
some children will not require a shunt revision over many years, these are the excep- 
tion. Many modifications and innovations in shunt design have not dramatically 


affected the durability of CSF shunts. 
Evaluation of Suspected Shunt Malfunction 


Shunt malfunction presents by and large with symptoms identical to that of the 
initial hydrocephalus. Most patients have a common set of symptoms that occur 
with shunt malfunction and are usually the same over multiple shunt malfunctions. 
There is a large variation, however, in the pattern of symptoms between affected 
individuals. For this reason, a child’s parents are often best able to detect early and 
subtle symptoms that might not be apparent to a medical professional. Common 
symptoms of shunt malfunction include headache, vomiting, changes in school- 
work, lethargy, changes in extremity spasticity for children with spina bifida and 
other changes in behavior. The diagnostic evaluation for shunt malfunction should 
include an imaging study of the shunt, such as a plain X-ray shunt series, and an 
imaging study of the brain and ventricles such as a CT scan. In children who have 
had a shunt system for many years, plain X-ray films are important for detecting 
shunt fracture. Most shunt hardware is visible on plain X-ray film although some 
components are not and small gaps in a shunt system can be misinterpreted as a 
shunt fracture. 

If these studies do not convincingly demonstrate a shunt malfunction, addi- 
tional diagnostic steps may be necessary. A partially obstructed shunt may allow 
some CSF to drain without much change in ventricular size. Tapping the shunt 
directly through a reservoir is also a method of evaluating shunt flow and function. 
Usually the access reservoir is proximal to the valve; if CSF cannot be aspirated 
easily, this is consistent with a proximal obstruction. Nuclear medicine tests, such as 
shunt function studies, involve injecting a small volume of radioactive tracer into 
the reservoir and then following the passive flow of the tracer over time (usually 15 
to 30 minutes). The majority of the tracer should clear from the shunt and disperse 
into the peritoneal cavity within 5 minutes (Fig. 6). These studies can be misleading 
in the presence of partial shunt function. 

In patients who have intermittent symptoms without clear imaging evidence of 
shunt malfunction, other measures of ICP such as a fundoscopic examination and/ 
or a lumbar puncture may provide evidence of a shunt malfunction. If no convinc- 
ing evidence is available, then close observation and serial imaging studies may be 
the most prudent course of action. In some cases, exploration of the shunt is some- 
times the only method to determine whether the shunt is functioning or not. 


Technique of Shunt Revision 

Once the diagnosis of shunt malfunction is clearly established, a surgical explo- 
ration and revision of the shunt should be performed without delay. The initial step 
in revising an existing shunt is the opening the cranial incision to allow access to the 
junction between the ventricular catheter and valve. A few shunt systems consist of 
single piece units that need to be cut in order to assess their function during surgery, 








126 Pediatric Neurosurgery 











Time Activity Curve 


vy 


3 
E 
M 
A 


TIME TO PEAK(min) :0.000000 
T1/2 (min) :3.000000 





Figure 6. A normal nuclear medicine shunt study is shown. An image of the in- 
jected shunt reservoir and distal tubing is on the right side of the figure. A region of 
interest is drawn around the reservoir and the percentage of radioactive tracer re- 
maining within the reservoir is measured over time. These results can be plotted 
over time, as seen on the graph. This is a normal study with 50% of the tracer 
emptying within 3 minutes. 


but these are the minority. The ventricular catheter is disconnected from the valve. 
In a clear instance of proximal catheter obstruction, CSF will either not emerge 
from the visible end of the catheter, or do so very slowly. In this case, the ventricular 
catheter is changed using the same entry point. Removal of the existing ventricular 
catheter is sometimes complicated by intraventricular hemorrhage because the choroid 
plexus has a tendency to grow around and into the end of the catheter. This can be 
minimized by placing a thin metal stylet into the ventricular catheter and using 
cautery to coagulate any tissue within the lumen of the tubing. Nevertheless, if a 
significant ventricular hemorrhage occurs, the procedure may need to be ended and 
a temporary external drainage catheter placed until the CSF clears. 

In all cases, the distal peritoneal tubing should be tested using a manometer to 
assess the runoff of a column of saline. Typically, saline will flow though the manom- 
eter and reach the set pressure of the shunt valve in a few seconds. If there is doubt 
regarding the function of the distal catheter, it will also require replacement. For this 
reason, even though proximal obstruction occurs in the vast majority of cases, the 
surgeon should be prepared to replace any segment or the entire shunt system. 


Shunt Infection 


Evaluation 

Shunt infections can present in a number of ways: (a) meningitis, (b) an indo- 
lent infection with a chronic inflammatory response leading to shunt obstruction, 
(c) local soft tissue infection around the shunt hardware with wound breakdown 
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and/or purulent discharge, or (d) infection within the peritoneal cavity that presents 
with abdominal pain, shunt obstruction and/or an accumulation of fluid within the 
peritoneal cavity. 

Approximately two-thirds of all shunt infections are caused by staphylococcal 
species (S. epidermidis and S. aureus being the most common). These bacteria prob- 
ably colonize a shunt at the time of insertion, and an infection usually becomes 
clinically apparent within the first 6 months after insertion. The variability in time 
of presentation depends on the degree of colonization, virulence of the organism 
and host factors. Only 10% to 20% of shunt infections present more than 6 months 
after insertion. This observation guides the management of children with a sus- 
pected shunt infection. A child with neurological signs or signs consistent with men- 
ingitis in the first six months after insertion should have a CSF sample taken before 
antibiotics are started. This sample should be obtained directly from the shunt, 
since a lumbar puncture can occasionally provide a false negative result. If nonspe- 
cific symptoms such as fever and irritability are present, the child should be exam- 
ined for more common causes such as an upper respiratory infection, gastroenteritis, 
or otitis media. Routine shunt aspiration or lumbar puncture is not indicated if 
another source for the fever is clearly identified. If nonspecific signs such as fever 
and irritability are present without an obvious source, and the patient is within 6 
months of insertion, the shunt should be aspirated to obtain a CSF sample. A nega- 
tive Gram stain is not sufficient to exclude infection as some organisms require a 
minimum of 48 hours of culture to be identified. Blood cultures are rarely positive 
with shunt infections unless a VA shunt is present. The abdomen should always be 
examined for signs of peritoneal infection. If there is doubt, an abdominal ultra- 
sound will usually identify a significant fluid collection. A bacterial infection within 
the peritoneal cavity severely impairs its absorptive capacity, and infected CSF causes 
the omentum to create a ‘pseudocyst’ around the accumulating CSF. A large locu- 
lated fluid collection within the abdomen is strongly suggestive of a shunt infection. 

Children who are evaluated for a febrile illness more than 6 months after shunt 
insertion will rarely have a shunt infection. Other sources should be pursued dili- 
gently before the shunt is attributed as the cause. However, if all diagnostic tests are 
negative and a febrile illness persists, the shunt should not be overlooked as the 
cause. Antibiotics should be withheld until all cultures are taken. If a child is suffi- 
ciently ill that antibiotics are required immediately, then subsequent CSF cultures 
may be negative. It may be necessary to confirm CSF sterility after a course of anti- 
biotics is completed if symptoms persist. 


Treatment 

The presence of a shunt infection proven by CSF Gram stain or culture requires 
treatment with appropriate antibiotics (discussed in Chapter 13) and removal of the 
shunt hardware. If there is an obvious wound infection with purulent drainage, the 
shunt hardware is removed and an external catheter is placed simultaneously to 
drain CSF at another site. If the soft tissues are not involved, then an external ven- 
tricular catheter is placed through the same entry point as the shunt. For distal or 
peritoneal infections, the initial surgical step is to remove the peritoneal catheter 
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from the abdomen and connect it to an external collection bag. If the proximal valve 
and ventricular catheter are proven to be sterile, then only a new distal peritoneal 
catheter is required. However, if any doubt exists regarding the sterility of existing 
hardware, then the entire shunt should be replaced with a new system. In some 
cases, children will have nonfunctional shunt hardware either within the ventricular 
system or peritoneal cavity. These pieces should be removed in order to eliminate all 
potential reservoirs for bacteria that could recolonize a newly placed shunt. 

The exact duration of antibiotic therapy required to prevent re-infection remains 
unknown, although most surgeons require at least 5 to 10 days of treatment prior to 
re-internalization of the shunt. During external drainage, CSF cultures can be sent 
regularly to establish when CSF sterility has been achieved. Some surgeons use a 
standard course of treatment for most shunt infections and dispense with regular 
CSF cultures. This approach may need to be modified if an unusual organism is 
present, or if the patient has a persisting fever or new symptoms. In rare circum- 
stances, an intracranial abscess (epidural or subdural) can be associated with a shunt 
infection and, if suspected, an imaging study with contrast should be obtained. 
Shunt infection is a major cause of cognitive morbidity in patients with hydroceph- 
alus and should be treated aggressively. 


Other Issues in the Management of Shunted Hydrocephalus 


Outcome 

The presence of a shunt itself does not predispose a patient to a poor cognitive 
outcome. The underlying cause of hydrocephalus is a much stronger predictor re- 
garding functional outcome. Many children who receive a shunt for a disease or 
disorder such as aqueductal stenosis or a benign brain tumor may be cognitively 
normal and can lead long and productive lives. As expected, children who have 
neonatal hydrocephalus because of secondary to a grade IV intraventricular hemor- 
rhage or meningitis tend to have poorer outcomes. 


Complex Hydrocephalus 

Most patients with hydrocephalus will require multiple shunt revisions, but these 
surgical procedures are accomplished with low morbidity. There are, however, less 
common forms of hydrocephalus that are far more difficult to manage. These in- 
clude multi-loculated ventricles, slit ventricle syndrome, overdrainage and loss of 
distal shunt locations. Multiloculated ventricles typically arise following a severe 
infection, such as with Gram-negative organisms. Inflammation of the ventricular 
walls leads to adhesions within the ventricular system and lack of communication 
between different CSF compartments. Rather than one shunt draining the ven- 
tricles, at times several separate shunt systems are required. Endoscopic fenstrations 
created between compartments can allow CSF to flow more normally, but often 
damage to the ventricular surface leads to ongoing problems. 

Slit ventricle syndrome refers to a situation in which shunt malfunction and 
clinically apparent hydrocephalus occur in the absence of ventricular enlargement; 
usually the patient has very small ventricles. The cause is believed to be reduced 
compliance (i.e., increased ‘stiffness’) of the brain. There is some evidence that a 
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disproportion between brain and cranial volume also contributes to the pathogen- 
esis. These patients require multiple shunt revisions and the creation of a function- 
ing shunt system is a challenge. Alternative sites for ventricular drainage, such as the 
lumbar space, or foramen magnum may be required. Although a complete discus- 
sion of these conditions is beyond the scope of this chapter, in general, a logical and 
consistent approach eventually results in a satisfactory outcome in the vast majority 
of patients. 
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CHAPTER 7 


Genetic Syndromes 
and Congenital Anomalies 


Darrel Waggoner and William Dobyns 


Classification 

A comprehensive approach to the classification of brain malformations has been 
proposed utilizing a classification scheme based on the sequence of brain development 
and is shown in Tables 1 and 2. The following sections review the diagnosis, clinical 
course and management of several of the more common brain malformations, and 
emphasize recent progress in the elucidation of their specific genetic defects. 


Defects of Organogenesis 

Holoprosencephaly 

Diagnosis 

Holoprosencephaly (HPE) is a malformation characterized by continuity of the 
right and left cerebral hemispheres across all or part of the midline. The phenotype is 
quite variable, secondary to incomplete penetrance, and comprises a continuous spec- 
trum from severe brain, face and eye anomalies to clinically normal individuals. Three 
subtypes are recognized based on the extent of right-left continuity and are known as 
alobar, semilobar and lobar HPE. In alobar HPE, the embryonic forebrain completely 
fails to divide into right and left hemispheres, resulting in an absent interhemispheric 
fissure, single ventricle and undivided thalamus and basal ganglia. In semilobar HPE, 
the interhemispheric fissure is present posteriorly with continuity of the left and right 
frontal and parietal lobes, as well as the thalamus and basal ganglia. In lobar HPE, 
most of the hemispheres are separate with an area of continuity present usually in the 
posterior frontal region and sometimes in the thalamus and basal ganglia (Fig. 1). All 
forms of HPE may be associated with congenital hydrocephalus, which may obscure 
recognition of HPE and the correct subtype of HPE. 

In classic HPE, a continuous series of facial anomalies are seen, with more severe 
anomalies being associated with a more severe form of HPE, and all are associated 
with hypotelorism or decreased distance between the orbits. The specific anomalies 
include cyclopia, ethmocephaly (severe hypotelorism with a proboscis located just 
above the eyes), cebocephaly (severe hypotelorism with a single central nasal cavity), 
midline and bilateral cleft lip and palate, and a single central upper incisor. In fami- 
lies with autosomal dominant HPE, some individuals have a forme fruste of HPE, 
which includes mild microcephaly, no obvious structural abnormalities of the brain, 
hypotelorism and sometimes a single central incisor. 
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Table 1. Making sense of human brain development and malformations 





Development of the neural tube 
Neural tube closure 
Neural tube structure and integrity 


Development of basic brain structure (organogenesis) 
Forebrain (prosencephalon) 
Midbrain (mesencephalon) 
Hindbrain (rhombencephalon) 


Development of the cortex 
Neuronal and glial proliferation 
Neuronal migration 
Cortical organization 





Table 2. Organization of congenital CNS abnormalities by proposed develop- 
mental abnormality 





Neural Tube Defects 

i. Defects of neural tube closure 
Anencephaly 
Craniorachischisis 
Myelomeningocele 
Chiari II malformation 
Tethered spinal cord 
Spina bifida occulta 

ii. Structural defects of the neural tube 
Chiari | malformation 
Encephaloceles (anterior, posterior and basal) 
Iniencephaly split cord malformations (diplomyelia 

and diastamatomyelia) 


Organogenesis Defects 

i. Forebrain malformations 
Holoprosencephaly (alobar, semilobar and lobar) 
Middle interhemispheric fusion (syntelencephaly) 
Arhinencephaly 
Agenesis of the corpus callosum 
Lipoma of the corpus callosum 
Absent septum pellucidum 
Septo-optic dysplasia 
Pituitary agenesis 

ii. Midbrain-hindbrain malformations 
Brainstem-vermis decussation malformation (molar tooth sign) 
Rhombencephalosynapsis 
Dandy-Walker malformation 
Cerebellar hypoplasia (hemispheres + vermis) 
Cerebellar vermis hypoplasia 
Brainstem hypoplasia 
Pontocerebellar hypoplasia 





continued on next page 
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Table 2. Continued 





Malformations of Cortical Development 
i. Malformations with abnormal proliferation 
Malformations with decreased proliferation 
Microcephaly (primary microcephaly or microcephalia vera) 
Microcephaly with simplified gyral pattern 
Microlissencephaly 
Malformations with increased and dysplastic proliferation 
Megalencephaly 
Hemimegalencephaly 
Focal cortical dysplasia with balloon cells (focal transmantle 
dysplasia) 
ii. Malformations with defective neuronal migration 
Lissencephalies 
Classic lissencephaly and subcortical band heterotopia 
Lissencephaly with agenesis of the corpus callosum 
Lissencephaly with cerebellar hypoplasia 
Cobblestone dysplasia (lissencephaly) 
Heterotopia 
Focal subependymal heterotopia 
Bilateral periventricular nodular heterotopia 
Bilateral periventricular laminar heterotopia 
Focal subcortical heterotopia 
iii. Malformations of cortical organization 
Polymicrogyria Bilateral diffuse polymicrogyria 
Bilateral frontal polymicrogyria 
Bilateral perisylvian polymicrogyria 
Bilateral parieto-occipital polymicrogyria 
Bilateral mesial-occipital polymicrogyria 
Schizencephaly 





Clinical Course and Management 

The severity of clinical features is in proportion to the severity of the HPE. 
Children with alobar HPE are profoundly affected and usually die early in life. 
Patients with semilobar HPE are also severely handicapped, although not quite as 
severely as those with the alobar form, so survival may be longer. Patients with lobar 
HPE often have moderate to severe mental retardation and typically learn to walk 
and use limited language. Individuals with a forme fruste of HPE may have normal 
intelligence or borderline to mild mental retardation. Other complications include 
feeding problems with an aspiration risk, spastic diplegia or quadriplegia, blindness 
or poor vision, epilepsy and pituitary insufficiency including diabetes insipidus, 
such that all patients with HPE should have an endocrine evaluation. 

Perhaps the most difficult and important part of management is providing accu- 
rate counseling regarding the prognosis. Correct identification of the degree of se- 
verity of HPE is required for accurate prognostic information. In the presence of 
hydrocephalus, it is usually best to defer diagnosis of the subtype of HPE until after 
a shunt has been placed and a repeat magnetic resonance imaging (MRI) scan has 
been done. 
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Figure 1. Holoprosencephaly. MRI shows absence of the anterior corpus callosum 
(left) and continuity of the basal ganglia and frontal lobes (right). 


Genetics 

HPE occurs sporadically in children, but many families with multiple affected 
individuals have been reported. Autosomal dominant inheritance with incomplete 
penetrance and variable expressivity, autosomal recessive and X-linked forms are 
described. Recurrence risk to future siblings based on empiric data for sporadic 
HPE is 6% and appropriate genetic counseling should be given. The molecular 
basis of HPE is now understood in about 10% of patients who have mutations in 
one (or more) of the five known HPE genes. These include the SIX3 gene on chro- 
mosome 2p21, PTCH on 9q22.3, SHH on 7q36, TGIF on 18p11.3 and ZIC2 on 
13q32. In addition, multiple loci have been mapped including HPE1 on 21q22.3, 
HPE2 on 2p21, HPE3 on 7q36 and HPE4 on 18p. 


Agenesis of the Corpus Callosum 

Diagnosis 

Agenesis of the corpus callosum (ACC) is one of the most common brain 
malformations seen in humans. ACC is characterized by either complete absence of 
the corpus callosum or a foreshortened corpus callosum with absent posterior body 
and splenium. Some patients have interhemispheric cysts, which communicate with 
the third ventricle, while others have associated brain malformations such as hydro- 
cephalus, Dandy-Walker malformation, or polymicrogyria. 

ACC occurs as an isolated anomaly, but is also seen in conjunction with other 
autosomal malformation syndromes (see Table 3). They include Walker-Warburg 
syndrome, lissencephaly, mutations of the LICAM gene (including X-linked hy- 
drocephalus with adducted thumbs), Lyon syndrome (which consists of necrotizing 
myopthy, cardiomyopathy and cataracts), and metabolic disorders including 
nonketotic hyperglycinemia and pyruvate dehydrogenase deficiency. 
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Table 3. Syndromes associated with specific brain anomalies 





Structural Anomaly Associated Syndrome 





Holoprosencephaly Trisomy 13 
Deletion 11q, 13q, 18p 
Fetal hydantoin 
Pallister Hall 
Shprintzen 
Triploidy 


Agenesis of the Corpus Callosum Acrocallosal 
Aicardi 
Cerebro-Oculo-Facial-Skeletal 
Fryns 
Marden-Walker 
Meckel-Gruber 
Neu Laxova 
Walker-Warburg 
Zellweger 


Dandy-Walker malformation Aicardi 
Walker-Warburg 
Marden-Walker 
Meckel-Gruber 
Neu Laxova 
Pallister-Hall 
Coffin-Siris 


Primary microcephaly Smith-Lemli-Opitz 
Shprintzen 
Maternal phenylketonuria 
Aicardi 
Angelman 
Rubinstein-Taybi 
Miller Dieker 
Meckel-Gruber 
Chromosomal abnormalities 
Fetal alcohol 
Marden-Walker 





Clinical Course and Management 

There is great variability in phenotype and prognosis for ACC, ranging from 
profound mental handicap to normal intelligence. Patients with severe handicaps 
often have associated brain malformations such as a cortical dysplasia or hydroceph- 
alus. Many children, especially those in whom ACC is recognized in the first few 
years of life, will have seizures. All affected children should have an ophthalmologi- 
cal exam searching for related anomalies, chromosome analysis, a full metabolic 
screen including serum and urine amino acids, organic acids, serum lactate and 
pyruvate. In children with less-severe cognitive defects, learning disabilities are of- 
ten present and may be complex; neuropsychological testing is important. 
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Genetics 

The genetics of ACC is complex because it has many potentials including chro- 
mosome aneuploidy syndromes and autosomal dominant, recessive and X-linked 
inheritance for isolated ACC and the ACC-associated malformation syndromes. 
Unfortunately, no studies of the empiric recurrence risk have been reported, al- 
though anecdotal evidence suggests a relatively low risk for isolated ACC when no 
syndrome has been recognized. No genes specifically causing isolated ACC have 
been identified. 


Septo-Optic Dysplasia (DeMorsier Syndrome) 

Diagnosis 

Septo-optic dysplasia (SOD), or DeMorsier syndrome, is diagnosed when 2 of the 
following 3 major anomalies are present: absence of the septum pellucidum, optic 
nerve hypoplasia, and pituitary hypoplasia and insufficiency. The diagnosis of SOD is 
less likely when only one of the 3 major anomalies is present, as any one of the triad 
can be associated with multiple other anomalies and conditions. For example, con- 
genital absence of the septum pellucidum occurs as part of several different brain 
malformations including basilar encephaloceles, holoprosencephaly, agenesis of the 
corpus callosum, SOD, severe hydrocephalus and hydranencephaly. 

SOD can occur as an isolated anomaly or in association with schizencephaly 
(SOD-SCH) or polymicrogyria, and these two conditions occur with approximately 
equal frequency. Patients with isolated SOD usually have a normal gyral pattern and 
cortex, complete absence of the septum pellucidum, diffuse although variable white 
matter hypoplasia with associated ventriculomegaly and, frequently, optic nerve hypo- 
plasia. Many present with symptoms of hypothalamic-pituitary dysfunction. Patients 
with SOD-SCH usually present with seizures or visual problems and have either uni- 
lateral or bilateral clefts extending from the pial surface to the ependymal surface, 
regions of polymicrogyria surrounding the clefts, partial absence of the septum 
pellucidum, normal lateral ventricles save for the clefts, and frequent optic nerve hy- 


poplasia. 


Clinical Course and Management 

The prognosis of SOD varies greatly, even among patients with isolated SOD. 
Most patients with isolated SOD present with pituitary insufficiency or mild de- 
velopmental delay, and have normal intelligence or mild cognitive impairments, 
although some have more severe handicaps. Seizures are uncommon, but may oc- 
cur during episodes of severe electrolyte disturbances. Patients with SOD-SCH 
usually present with visual loss, neurological abnormalities, or both. The neuro- 
logical problems typically consist of developmental delay, mental retardation, ei- 
ther hemiplegia or quadriplegia depending on whether the cleft is unilateral or 
bilateral, and seizures. 

Whenever any one of the triad is discovered, evaluations for the others are indi- 
cated. Testing for hypopituitarism is particularly important for patients with absent 
septum pellucidum or optic nerve hypoplasia. 
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Figure 2. Dandy Walker malformation. 
MRI shows hypoplasia of the corpus 
callosum, mild brainstem hypoplasia, 
small vermis, enlarged lateral, 3rd and 
Ath ventricles, and communication 
between the 4th ventricle and a 
moderate-sized retrocerebellar cyst. 





Genetics 

Although SOD appears to be a relatively common malformation, very few ex- 
amples of familial recurrence have been reported. One pair of siblings reported to 
have SOD also had agenesis of the corpus callosum. Subsequent molecular studies 
revealed a homozygous mutation in the HESX1 gene on chromosome 3p21.1-p21.2. 
However, no mutations of this gene were found in 18 patients with sporadic SOD. 
No examples of familial SOD-SCH have been reported, although recurrence could 
be possible. Thus, parents should be counseled for a low recurrence risk of less than 
5% and most likely less than 1%. 


Dandy-Walker Malformation 


Diagnosis 

The Dandy-Walker malformation (DWM) consists of four abnormalities, in- 
cluding cerebellar vermis hypoplasia, a retrocerebellar cyst that communicates with 
the fourth ventricle, elevation of the torcula (confluence of the sinuses) by the 
large retrocerebellar cyst and hydrocephalus (Fig. 2). DWM has been reported in 
many different malformation syndromes, and combined with other brain anoma- 
lies, especially agenesis of the corpus callosum. The severity of the malformation 
and the associated neurological disabilities vary widely and reflect substantial causal 
heterogeneity. 


Clinical Course and Management 

While often considered a severe brain malformation, the severity of symptoms 
varies widely among patients with DWM. Many seem to have a generally good 
outcome and almost half have normal intelligence. The incidence of seizures is higher 
than in the normal population, but lower than the population of patients with most 
other brain malformations. Many children have congenital hydrocephalus, which 
frequently requires a shunt. In addition, the retrocerebellar cyst may enlarge, requir- 
ing a shunt, and children with normal lateral ventricles at birth or in early childhood 
may develop hydrocephalus later in life. 
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Genetics 

Most patients with DWM have no other congenital anomalies except for related 
brain malformations. However, it has been observed in many multiple malforma- 
tion syndromes such as Meckel syndrome. The empiric recurrence risk for isolated 
DWM is approximately 6%. 


Pontocerebellar Hypoplasia 

Diagnosis 

Pontocerebellar hypoplasia (PCH) is characterized by a small brainstem with 
severe flattening of the pons and a small cerebellum involving both vermis and hemi- 
spheres. The sulci of the cerebellum are typically enlarged, which suggests atrophy 
rather than hypoplasia. Serial computed tomography (CT) and MRI scans in some 
patients have shown that the changes may be progressive, with later scans also show- 
ing some cerebral atrophy. PCH usually comprises a prenatal-onset degenerative 
disease or group of diseases and three types have been reported. PCH type 1 consists 
of combined PCH and anterior horn cell degeneration, compatible with spinal mus- 
cular atrophy. PCH type 2 consists of PCH and severe neurological disabilities, 
including severe mental retardation, spastic quadriparesis, ataxia and chorea. Fea- 
tures, that do not fit into either of the first two types characterize a possible third 
type of PCH. 


Clinical Course and Management 

All children with PCH type 1, with associated spinal muscular atrophy die early 
in life. Patients with PCH type 2 have severe spastic quadriparesis, opisthotonus, 
infancy-onset chorea, and at least half of them have epilepsy, which may be intrac- 
table. All survivors have had severe mental retardation and neurological disabilities, 
although many survive until at least late childhood. The prognosis for PCH is uni- 
formly poor. The brainstem problems often make feeding very difficult, necessitat- 
ing gastrostomy tube placement, and all patients should be monitored for seizures. 


Genetics 

PCH types 1 and 2 have autosomal-recessive inheritance. Some other PCH vari- 
ants with multiple affected siblings have been reported, also supporting autosomal 
recessive inheritance. Some children appear to have non-progressive PCH, which 
may or may not be genetic. 


Disorders of Cortical Organization 

Primary Microcephaly (Microcephaly Vera) 

Diagnosis 

Microcephaly is defined as a head circumference of 2 standard deviations below 
the mean or smaller. Congenital microcephaly is defined as birth occipitofrontal cir- 
cumference (OFC) of 2 standard deviations below the mean or smaller. Many differ- 
ent types of brain disorders can result in congenital microcephaly, including 
malformations, metabolic disorders and various extrinsic factors such as teratogens, 
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hypoxia-ischemia or other injuries. Children with congenital microcephaly and other- 
wise normal brain structure have been classified as having primary microcephaly or 
microcephaly vera. Delayed myelinization and simplified gyral patterns may be seen. 


Clinical Course and Management 

The prognosis with primary microcephaly is remarkably variable. Even with very 
small head size, some children have only moderate developmental delay. Others 
have severe to profound mental retardation, which is often associated with spastic 
quadriparesis and epilepsy. These groups are difficult to recognize by MRI scans, 
although children with severe abnormalities often have delayed myelinization. Par- 
ticipation in early-intervention developmental programs should begin early in life 
and all should be watched closely for seizures. 


Genetics 

Familial recurrence in siblings of both sexes has been observed often in primary 
microcephaly, which is consistent with autosomal recessive inheritance in most fami- 
lies. However, families with X-linked inheritance have also been reported. 


Hemimegalencephaly 

Diagnosis 

Hemimegalencephaly (HMEG) is a malformation characterized by enlargement 
and dysplasia of one cerebral hemisphere, but is not strictly limited to one hemisphere. 
The entire hemisphere appears to be enlarged in most patients, and all have enlarge- 
ment of at least one lobe of the brain (Fig. 3), and abnormalities seen on an electroen- 
cephalogram (EEG) are often extensive throughout the abnormal hemisphere. 
Heterotopia is commonly seen and the ventricles are enlarged in most patients. 





Figure 3. Hemimegalencephaly. MRI shows right hemimegalencephaly with dys- 
plastic gyral pattern, mildly thickened cortex, abnormal white matter and enlarged 
right lateral ventricle on coronal (left) and axial (right) images. 


Genetic Syndromes and Congenital Anomalies 139 





Clinical Course and Management 

The clinical presentation for patients with HMEG includes hemiparesis, hemi- 
anopia, seizures and developmental delay with mental retardation, which vary greatly 
in severity. Most patients have isolated HMEG with no associated anomalies, al- 
though some have neurocutaneous disorders such as Klippel-Trenauney syndrome, 
the epidermal (sebaceous) nevus syndrome, hypomelanosis of Ito, or neurocutane- 
ous melanosis. The seizures in HMEG are severe and often intractable, and fre- 
quently result in deterioration in cognitive skills due to seizure frequency and required 
medications. They most often start within the first 6 months of life, typically arising 
from the megalencephalic hemisphere. Infantile spasms and drop attacks may be 
present in early childhood. When medical treatment appears to be inadequate, a 
hemispherectomy should be considered. 


Genetics 

No examples of familial recurrence of HMEG have ever been reported. Thus, 
parents of affected children should be given a very low recurrence risk. The most 
convincing hypothesis regarding cause suggests somatic mosaicism for a genetic 
mutation of unknown genes. 


Lissencephaly and Subcortical Band Heterotopia 

Diagnosis 

Classic lissencephaly (LIS) or agyria-pachygyria is a severe malformation defined 
by a smooth cerebral surface, abnormally thick cortex with 4 abnormal layers, diffuse 
neuronal heterotopia, dysplastic and enlarged ventricles, and often hypoplasia of the 
corpus callosum (Fig. 4). Subcortical band heterotopia (SBH) consists of symmetric 
and circumferential bands of gray matter located just beneath the cortex and separated 





Figure 4. Lissencephaly. MRI shows frontal agyria and minimal posterior pachygyria, 
very thick 1-1.5 cm cortex and mildly enlarged lateral ventricles. 
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from it by a thin band of white matter. LIS and SBH comprise a single malformation 
spectrum caused by mutations of the same genes, which may be described as the 
agyria-pachygyria-band spectrum. In both LIS and SBH, the brainstem appears nor- 
mal, while the cerebellum appears normal or mildly small. In a subset of atypical 
patients, LIS is associated with moderate or severe cerebellar hypoplasia. 

Most patients with LIS have normal facial appearance, and are classified as hav- 
ing isolated lissencephaly sequence (ILS). However, several syndromes with LIS and 
craniofacial malformations have been described. The most common and best known 
of these is the Miller-Dieker syndrome (MDS), which is characterized by a promi- 
nent forehead, bitemporal narrowing, short nose with upturned nares, prominent 
upper lip and small jaw. 


Clinical Course and Management 

Children with classic LIS may appear normal as newborns, or have apnea, poor 
feeding and hypotonia. Seizures are uncommon during the first few days of life, but 
most affected children will have onset of seizures, especially infantile spasms, during 
the first year. Later on, typical seizure types include myoclonic, tonic and tonic-clonic 
seizures. Other neurological manifestations include profound mental retardation, 
early hypotonia, later spastic quadruplegia that is usually mild and opisthotonus. 
Many patients require a gastrostomy because of poor nutrition and repeated aspira- 
tion pneumonia. 

In contrast, most patients with subcortical band heterotopia have mild to mod- 
erate developmental delay, minimal pyramidal signs and dysarthria. Cognitive abili- 
ties vary considerably, ranging from severe mental retardation to normal. Seizures 
may begin in childhood or the early adult years, and multiple seizure types occur, 
which may be difficult to control. 


Genetics 

Classic LIS and SBH are most often associated with mutations of the LIS1 (or 
PAFAH1B1) and XLIS (or DCX) genes. All patients with MDS have large deletions 
on chromosome 17p13.3, which include LIS1. About 70% are cytogenetically vis- 
ible, while the rest must be detected with fluorescence in situ hybridization (FISH). 
Balanced translocation carrier parents are seen in about 20% of families. Recurrence 
risks are determined according to which gene is involved, whether a parent is a 
balanced translocation carrier, and additionally gonadal mosaicism has been reported. 

Among patients with classic LIS but no other anomalies, about 40% have 
microdeletions of chromosome 17p13.3 involving LIS1, another 24% have intragenic 
mutations of LIS1, and 12% have intragenic mutations of XLIS. Those patients 
with LIS1 deletions or mutations typically have more severe LIS posteriorly, while 
those with XLIS mutations have more severe LIS anteriorly. 


Polymicrogyria 
Diagnosis 
Polymicrogyria is a heterogeneous brain malformation characterized by many 


small gyri separated by shallow sulci, mildly thickened cortex and often-enlarged 
ventricles. It is often superimposed on areas of apparently broad gyri that represent 
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fused gyri rather than true pachygyria. While the most readily recognized cause is 
intrauterine cytomegalovirus (CMY) infection, recent experience has shown that 
many different genetic causes of polymicrogyria exist. 


Clinical Course and Management 

The severity of the associated neurological disabilities depends on several factors 
including birth OFC, distribution and extent of the polymicrogyria, and severity of 
the associated epilepsy. The outcome is worse with smaller head size, more extensive 
polymicrogyria and more severe seizure disorder. Mental retardation is common, al- 
though patients with restricted polymicrogyria may have normal intelligence or only a 
mild handicap. More extensive polymicrogyria, especially if it involves the frontal re- 
gion, mimics cerebral palsy with mental retardation, spastic hemiplegia, diplegia or 
quadriplegia and frequent epilepsy. Patients with bilateral perisylvian involvement of- 
ten have difficulty feeding, and may need alternative feeding strategies. Seizure onset 
may occur early in life, or not until late childhood or even early adult life. 


Genetics 

The genetics of polymicrogyria is proving to be complex and familial recurrence 
has been reported. Most families with multiple affected individuals have been con- 
sistent with X-linked inheritance, although a few families have had autosomal reces- 
sive or autosomal dominant inheritance. The first few polymicrogyria loci, based on 
observation in patients with chromosome microdeletions or microduplications, have 
been reported, including 22q11.2. No studies of the empiric recurrence risk for 
polymicrogyria have been reported. 


Schizencephaly 

Diagnosis 

Schizencephaly (SCH) or “cleft brain” is a malformation in which one or more 
deep clefts lined by polymicrogyria extend from the pial surface to the ependymal 
surface of the lateral ventricles. They have been divided into open-lip and closed-lip 
SCH based on the size of the cleft. Most are located in the central region, but the 
clefts may occur in most other regions of the cerebral hemispheres. In most patients, 
SCH occurs as an isolated malformation, but it has also been associated with absent 
or hypoplastic septum pellucidum and optic nerve hypoplasia in the septo-optic 
dysplasia-schizencephaly syndrome. 


Clinical Course and Management 

The clinical manifestations of SCH include developmental delay and mental 
retardation, spastic hemiparesis or quadriparesis and epilepsy. However, the distri- 
bution and severity of the clinical abnormalities are related to the size and location 
of the clefts. Unilateral clefts cause less severe cognitive deficiency and hemiparesis 
compared to bilateral clefts. Also, open-lip SCH is consistently more severe than 
closed lip SCH. Seizures are usually focal and often intractable. 


Genetics 
SCH has generally been considered to be sporadic, but a few families with mul- 
tiple affected siblings have been reported. Several recent reports have implicated 
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mutations of the EMX2 homeobox-containing gene and further studies looking at 
this gene are needed. 


Conclusions 

The complexity of brain anomalies underlies the difficulty in recognizing associ- 
ated syndromes and categorizing the phenotypic variability recognized in genetic 
mutations. Recent advances in description of the anomalies and molecular studies 
are allowing a better understanding of the causal heterogeneity of these malforma- 
tions. This should allow for better prognostic information, recurrence risk counsel- 
ing and testing for families of children with these major brain anomalies. 
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Spinal Dysraphism 


Frank Acosta, Jr. and Nalin Gupta 


Introduction 

Neural tube defects (NTDs) are a group of congenital anomalies characterized 
by defects in dorsal midline structures, including neural tissue, dura, muscle, bone 
and/or skin. Spinal and cranial dysraphism refer to those anomalies affecting bony 
and/or nervous components of the spine or brain, respectively. The primary em- 
bryological defect is believed to be a failure of, or incomplete, neural tube closure. 
This is a process that normally occurs during the third to fourth week of fetal life. 
These lesions can involve any part of the spine, although they most often involve the 
lumbosacral spine, and range from a simple gap in the lamina of a single vertebral 
level to an extensive dorsal opening with an exposed spinal cord. The incidence of 
spinal dysraphism is estimated at 0.05 to 0.25 per 1000 live births per year. 

Severe spinal dysraphic disorders constitute a major source of disability among 
children and adults. Management of spinal dysraphic anomalies involves a number 
of steps: accurate diagnosis; an assessment of the severity of the lesion; a decision 
whether intervention is warranted; the nature of the intervention; and educating the 
family of the need for lifelong medical care. Below we present a practical framework 
for the evaluation and treatment of spinal dysraphism that reflects current standards 
of management. 


Classification of Anomalies 

A large number of overlapping and imprecise descriptive terms contribute to the 
confusion regarding NTDs. Spinal dysraphism includes all forms of spina bifida, 
although the latter term is used by both patients and health care professionals vari- 
ably to describe either myelomeningocele or other spinal dysraphic anomalies. In 
this chapter, ‘spina bifida is considered synonymous with spinal dysraphism. One 
classification scheme for spinal dysraphism divides these anomalies into two general 
categories: open defects (also known as spina bifida aperta) and closed defects (also 
known as spina bifida occulta). While this division does not imply a different em- 
bryological origin for the two groups, it does offer some advantages in understand- 
ing general treatment principles for these conditions. 

Open forms of spinal dysraphism are those anomalies that have deficiencies in 
the overlying skin along with defects of the bone, meninges and/or nervous tissue, 
leading to a direct communication between the lesion and the external environ- 
ment. The most common form is myelomeningocele, in which there is a focal seg- 
ment of structurally abnormal spinal cord that is exposed in the midline of the back 
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Table 1. Clinical features associated with spina bifida occulta 





System Features 





Cutaneous Midline dimple 
Asymmetric gluteal cleft 
Capillary hemangioma 
Hypertrichosis (‘hairy patch’) 
Lipoma 

Neurological Lower-extremity weakness 
Gait instability 
Sensory deficit 
Back pain or lower-extremity pain 


Orthopedic Clubfoot 
High-arched foot 
Leg-length discrepancy 
Muscle atrophy 
Scoliosis 


Urological Incontinence 
Delay in toilet training 





through a defect in the vertebral arches and overlying skin. The birth incidence of 
myelomeningocele is approximately 0.1% to 0.2%. A meningocele is a sac-like struc- 
ture composed of meninges without involvement of the underlying spinal cord. 
Open lesions are easily diagnosed in newborns and need to be repaired shortly after 
birth to prevent infectious complications. 

Closed forms of spinal dysraphism are those anomalies in which the underlying 
midline defect, either neural or bony tissue, is masked by intact skin. Simple spina 
bifida occulta is the congenital absence of a spinous process and variable amounts of 
lamina. Although not strictly ‘occult,’ certain dysraphic conditions are associated 
with cutaneous anomalies (Table 1), but are still considered within the broader group 
of spina bifida occulta. Cutaneous lesions include skin tags, hemangiomas, lipomas, 
hairy patches and skin dimples. The other malformations included in this category 
are lipomyelomeningocele, fatty filum terminale, inclusion cysts (dermoid and epi- 
dermoid), dermal sinus tract and split cord malformations. These lesions are often 
diagnosed in infancy, but if the cutaneous abnormality is subtle, diagnosis may be 
missed until symptoms develop many years later. Surgical repair of these lesions is 
often delayed. 


Normal Embryology of the Spine and Spinal Cord 

Neurulation is defined as the formation of the neural tube and is the process 
that leads to the development of the brain and spinal cord. In the embryo neuru- 
lation is first visible when the flat neural plate, which is composed of ectoderm, 
folds along the dorsal midline into the neural groove. This is followed by fusion of 
the edges of the groove, resulting in a closed tube that is then covered by a layer of 
cutaneous ectoderm. Closure of the open neural tube occurs first in the upper 
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cervical region, then extends caudally to the level of L-1 or L-2, and rostrally to 
the region of the nasion. 

Neurulation occurs in two overlapping processes designated as primary and sec- 
ondary neurulation. Primary neurulation forms the spinal cord only to the seg- 
ments corresponding to the lower lumbar level. Abnormalities at specific points 
during primary neurulation lead to various forms of dysraphism such as myelomen- 
ingocele, lipomyelomeningocele, intraspinal dermoid and epidermoid cysts, and split 
cord malformations. This process occurs during days 18 to 28 of embryonic devel- 
opment. The caudal-most portion of the neural tube is formed by a process called 
secondary neurulation. This process occurs during days 28 to 48 of embryonic de- 
velopment and is divided into two steps, canalization and regression. During canali- 
zation, a mass of undifferentiated cells caudal to the neural tube and notocord 
assembles into a structure called the caudal cell mass. A canal within the caudal cell 
mass connects with the rostral neural tube formed during primary neurulation and 
ultimately forms the distal segments of the spinal cord (below L2). Errors during 
canalization can lead to a terminal myelocystocele or lipomyelomeningocele. The 
caudal cell mass also forms associated genitourinary and anorectal structures, ac- 
counting for the coexistance of anomalies such as imperforate anus and bladder. 

Regression refers to the process by which most of the caudal spinal cord arising 
from the caudal cell mass with the exception of the conus medullaris and nerve roots 
involutes, leaving a thin and nonfunctional filum terminale. Failed or inaccurate 
regression can lead to a fatty filum terminale. After formation of the terminal filum, 
the vertebral canal grows at a faster rate than the neural tube. This differential growth 
results in the relative ‘ascent’ of the spinal cord, such that at the time of birth, the 
conus medullaris lies at the L2-L3 level, and reaches the normal adult level of the 
L1-L2 interspace by 3 months of age. 


Myelomeningocele 


Embryological Origin 

If the neural plates fail to fold and then fuse into the neural tube, it remains as 
a flat piece of tissue called the neural placode. The midline placode is interposed 
between the superficial cutaneous ectoderm, which cannot meet in the midline. 
Mesenchymal elements, including bone, cartilage and muscle, are unable to mi- 
grate between the neural tube and superficial ectoderm and are absent in the mid- 
line. The exposed dorsal surface of the placode represents what should have been 
the interior of the spinal cord, while the underlying ventral face represents what 
should have been the outer surface of the closed spinal cord (Fig. 1). The unfused 
neural placode thus floats on top of a closed subarachnoid space, and is surrounded 
by normal skin. The size of the sac varies and may cause the lesion to appear flat or 
significantly elevated from surrounding skin. The exact cause of the embryological 
defect that leads to the formation of myelomeningocele is likely to be multifacto- 
rial. In genetically altered mice, a variety of gene knockouts lead to a phenotype of 
an open neural tube. 
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Figure 1. A typical open spina bifida lesion (myelomeningocele). The large sac 
surrounds a midline neural placode. The muscles of the legs are atrophic with 
bilateral club feet. The anus is protruding, or ‘patulous’. 


Management 


Antenatal Diagnosis and Counseling 

Maternal alpha fetoprotein (AFP) is sampled by a serum blood test during the 
early part of the second trimester. An elevated AFP level compared to a median 
value corrected for maternal age is predictive of a higher chance of having a child 
with a NTD. It should be recognized that a large number of other congenital anoma- 
lies also result in elevated maternal serum AFP If the predicted risk is higher than a 
specific threshold value (typically 1:500), then a high-resolution ultrasound is rec- 
ommended in the middle of the second trimester. The antenatal ultrasound often 
identifies the level of lesion (in approximately two-thirds of patients) and the pres- 
ence of lower extremity deformities, and characterizes the severity of associated ab- 
normalities such as the Chiari II malformation and hydrocephalus. Amniocentesis 
is performed if the maternal AFP and ultrasound are equivocal. 

Some parents will choose early termination for a fetus with a myelomeningocele. 
This accounts for some of the reduction in birth incidence of spina bifida in the US 
in the past 10 to 20 years. For those parents who choose to carry the pregnancy to 
term, the most important concern is long-term functional outcome (see below). 
This discussion should focus on the primary disabilities associated with myelomen- 
ingocele and the treatment of hydrocephalus. The specific disabilities include lower 
extremity dysfunction, urinary and fecal incontinence, symptoms attributable to a 
Chiari malformation, and cognitive impairment. The lower the lesion is in the spine 
the more likely the possibility of a favorable neurologic outcome. Quality of life 
issues are always discussed with the parents at every antenatal visit in order to pre- 
pare them for what will likely be a lifelong commitment to a child with multiple 
special needs. Finally, the risk of myelomeningocele is increased (to an incident risk 
of 2.8%) if there is a history of previous children with myelomeningocele. 
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Perinatal Care 
The early involvement of a multidisciplinary team is essential. The initial assess- 
ment should include evaluation of the following systems: 

1. General. The size of the lesion should be measured. If the placode has 
ruptured, antibiotics should be started with coverage of both Gram-negative 
and Gram-positive organisms. If the placode is intact, no antibiotics are 
necessary. The lesion should be covered with a moist, nonadherent dressing 
to prevent desiccation. The dressing may also be covered with plastic wrap 
to avoid evaporation. The patient is usually nursed on his or her stomach, 
although the side position is also acceptable. Dressings should attempt to 
exclude urine and stool from the exposed placode. 

2. Neurological. Cranial nerve function should be tested carefully, as lower 
cranial nerve dysfunction can be seen with a symptomatic Chiari II mal- 
formation. Vocal cord paralysis present at birth is often manifested as 
stridor. A detailed assessment of lower extremity function is mandatory. 
Particular attention should be paid to the position of the legs at rest, and 
whether wasting of specific muscle groups is present. It is important to 
observe and document spontaneous lower extremity function as well as 
the best lower extremity response to painful stimuli, as this indicates the 





approximate functional level of the myelomeningocele. Function may be 
preserved below the anatomic level of the abnormality, but in general 
function worsens as one examines lower levels. Rectal tone is often re- 
duced or absent, leading to an outward protrusion of the anus (termed a 
‘patulous’ anus). The head circumference should be measured and the 
status of the fontanelle should be noted (e.g., sunken, flat, full but soft, 
tense). Hydrocephalus in this age group rarely produces somnolence but 
can lead to irritability, or apnea and bradycardia. A head ultrasound is 
useful for evaluation of ventriculomegaly. 

3. Orthopedic. Lower extremity range of movement and deformity should 
be assessed. Clubfeet (equinovarus deformities) are common, as are dislo- 
cated hips. Scoliosis may also be present. Anterior-posterior and lateral 
spine X-ray films are used to evaluate scoliosis, and an orthopedic consul- 
tation is obtained for associated spine, hip, or knee deformities. 

4. Urological. Since the vast majority of children with spina bifida have a 
neurogenic bladder of varying severity, a program of clean intermittent 
catheterization should be begun at once to prevent retention and urinary 
tract infections. A renal ultrasound should be performed to detect any 
changes associated with ureteral reflux and bladder-wall thickening. Al- 
though not mandatory, our practice is to obtain urodynamic studies shortly 
after birth. 

5. Other. Myelomeningcocele patients have an average of 2 to 2.5 addi- 
tional anomalies involving other organ systems. These include cardiac 
defects, renal anomalies, or pulmonary immaturity, which may preclude 
surgery. 
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Surgical Treatment of a Myelomeningocele 

Timing 

It is generally accepted that early closure of the myelomeningocele lesion does 
not lead to improvement in neurological function, but prevents meningitis. The 
myelomeningocele lesion should be closed within 24 to 48 hours of birth. By 36 
hours the lesion begins to be colonized by bacteria, and postoperative infection rates 
increase. Although the main benefit of early myelomeningocele closure is reduced 
infection rates, it is crucial to preserve as much neural tissue and vascular supply as 
possible during the closure procedure. 


Operative Technique 
The goal of surgery is to identify as many anatomic layers as possible and to 
perform a watertight closure. In general, the following steps are performed: 

1. The neural placode is sharply separated from the surrounding arachnoid 
membrane and ectodermal elements. Retained fragments of cutaneous 
epithelium, which can cause a dermoid cyst, should be removed from the 
placode. 

2. The neural tube is reconstituted by gently folding the placode towards 
the midline and securing the pia with small, nonabsorbable monofila- 
ment sutures. A pia-to-pia closure of the placode may prevent retethering 
of the terminal portion of the spinal cord. 

3. Inspection for a thickened filum terminale is performed. This is sectioned 
if found. 

4. Within the sac, the dura extends from the anterior to the spinal canal and 
flares laterally to merge with the dermis. The most crucial step of the 
procedure is to identify the dural-dermis boundary. The dura is incised 
circumferentially at the boundary, separated from the subcutaneous tis- 
sues, and mobilized towards the midline where it is closed. 

5. Since the mesodermal elements such as muscle and fascia are displaced 
laterally, it is difficult to bring these layers over the closed dura, but this 
should be attempted if sufficient tissue is available. 

6. Finally, the skin is mobilized by separating it from the underlying normal 
fascia laterally and then pulling it towards the midline. For large lesions 
or when the skin edges are under tension, a cutaneous or myocutaneous 
flap may be required to cover the lesion. 


Postoperative Management 

After repair, it is important to maintain the patient in the prone position to 
avoid pressure on the incision. A barrier dressing below the incision is used to avoid 
contamination from urine or stool. Daily measurements of head circumference are 
made, and weekly head ultrasounds are obtained to assess for progressive 
ventriculomegaly, especially in children who do not have shunts. Routine bladder 
catheterization is also important. Orthopedic and urological consultations continue 
to be important to plan for future correction of limb, hip, or spine deformities, and 
for correction of bladder function. 
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Hydrocephalus and Timing of Shunt Placement 

Hydrocephalus develops in approximately 60% to 85% of myelomeningocele 
patients, with 5% to 10% of patients having clinical evidence of hydrocephalus at 
birth. In general, the vast majority of patients who develop hydrocephalus do so 
before the age of 6 months. Hydrocephalus, if not present at birth, can also develop 
after myelomeningocele closure, as surgery eliminates a route for CSF egress. De- 
finitive criteria for shunt placement vary between institutions, but some generally 
accepted indications are: (1) symptoms such as apnea and bradycardia (unexplained 
by other causes), (2) rapid and progressive ventriculomegaly, as measured by in- 
creasing head circumference or by serial ultrasound exams, (3) CSF leak from the 
myelomeningocele closure site, (4) significant hydrocephalus in the setting of a symp- 
tomatic Chiari II malformation, or rarely (5) a spinal cord syrinx. 

In patients with clinically evident hydrocephalus, a ventriculoperitoneal (VP) 
shunt may be placed at the same time as the myelomeningocele closure is performed. 
This can be done without increased risk of infection, and may reduce the risk of 
postoperative CSF leak and wound breakdown. In those patients without clinically 
overt hydrocephalus, it is reasonable to delay the shunt procedure until signs of 
hydrocephalus become apparent. It should be noted that 10% to 20% of patients 
will not require a shunt procedure. 


Outcome 


Survival 

Without treatment, historical data suggest that only 15% to 30% of myelomen- 
ingocele patients survive infancy. Current standards of care have improved the sur- 
vival rate to approximately 85%, although approximately 10% will die before 6 
years of age, primarily due to complications from hindbrain dysfunction related to 
the presence of a symptomatic Chiari II malformation. Late mortality is usually due 
to shunt malfunction or sepsis. Improvements in voiding schedules and prompt 
treatment of urinary tract infections have significantly reduced urosepsis as a cause 
of significant morbidity and mortality. 


Neurological Function 

Most children with myelomeningocele will have a neurological deficit. Approxi- 
mately 50% of myelomeningocele patients are ambulatory with bracing; however, 
most use wheelchairs for ease. Although some authors have found that up to 40% of 
patients will have improvement in motor function after surgery, it is generally be- 
lieved that early closure does not improve neurological outcome. 


Urinary Control 

In the past, myelomeningocele patients underwent extensive urinary diversion 
procedures to minimize loss of renal function from bladder dysfunction and urine 
reflux. Currently 75% to 85% of patients are able to achieve satisfactory dryness 
with intermittent catheterization. Artificial urinary sphincters can also be used to 
treat urinary incontinence. Approximately 3% to 10% of patients will have normal 
urinary continence. 
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Figure 2. AT2-weighted sag- 
ittal MR image demonstrat- 
ing a Chiari Il malformation 
with descent of the cerebel- 
lar tonsils to C3, a small pos- 
terior fossa and beaking of 
the tectum. 





8 Late Complications 


Chiari Type II Malformation 

Although infrequently symptomatic at birth, hindbrain dysfunction from the 
Chiari II malformation (Fig. 2) can cause neurological symptoms into adulthood. 
These include neck and skull-base pain, cranial nerve dysfunction and dystonia. 
When severe, this condition can also lead to sudden death. Posterior cervical and 
suboccipital decompression is useful in alleviating symptoms in adult myelomenin- 
gocele patients with the Chiari I] malformation. This involves a decompression of 
the bone, and in some cases a dural decompression. The dural decompression should 
be performed with extreme care, as these patients often have dural sinuses that can 
reach the foramen magnum. 


Shunt Malfunction 

Hydrocephalus due to shunt malfunction can mimic almost any of the other 
conditions associated with late complications. In patients with a progressive decline 
in neurological function, it is important to rule out shunt malfunction. Shunt mal- 
function can cause hydromyelia or hindbrain compression. Shunt revisions are re- 
quired in approximately 50% of patients by age 6. 


Spinal Cord. Tethering 

The tethered spinal cord syndrome is diagnosed in a variety of settings, includ- 
ing that of myelomeningocele. By radiographic criteria, e.g., a low-lying conus and/ 
or attachment of the spinal cord to overlying tissue, almost all myelomeningocele 
patients will have a tethered cord. However, only a minority develop new symptoms 
attributable to the tethered cord. These symptoms include progressive scoliosis, 
changes in muscle tone, weakness and increasing spasticity. In some patients, release 
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of the tethered cord will result in symptomatic improvement, although it is best to 
caution the patient that stabilization of symptoms is the most realistic goal. Some 
authors have suggested that a loose dural closure and a pia-to-pia neural placode 
closure during the original surgery allow for increased spinal cord mobility and pre- 
vent the formation of adhesions. This view is not proven. 


Occult Spinal Dysraphism 


Clinical Features 

Spina bifida occulta refers to a number of disparate abnormalities of varying 
severity that share the common feature of being covered by an intact epithelial layer. 
Although most often localized to the lumbosacral spine, they can be encountered at 
any spinal level, from the skull base to the tip of the coccyx. The prevalence of 
simple spina bifida occulta, characterized by a defect in the spinous process and 
lamina of L5 or S1, is 10% to 20% and is usually an incidental finding (Fig. 3). In 
isolation, this condition is of no clinical significance and does not require further 
investigation. Occult spinal dysraphism also includes anomalies such as dermoid 
and epidermoid cysts, split cord malformations, fatty filum terminale, 
lipomyelomeningocele, dermal sinus tract and terminal myelocystocele. 

The clinical symptoms and signs that are associated with occult spinal dysraphism 
presumably occur as a result of the effect of the structural anomaly upon the spinal 
cord. For this reason, the clinical syndrome of a tethered spinal cord is probably best 
viewed as arising from a variety of underlying causes and conditions (Table 2). 








Figure 3. An AP plain X-ray image of the lumbosacral spine demonstrating a bifid 
posterior arch at S1 (arrow). No central nervous system anomalies are present. 
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Table 2. Causes of tethered spinal cord syndrome 





Congenital Myelomeningocele 
Lipomyelomeningocele 
Spinal cord lipoma 
Fatty filum terminale 
Split cord malformation 


Traumatic Spinal-cord injury 
Neoplastic Metastatic tumors (PNET, ependymoma) 
Infectious Bacterial meningitis 


Tuberculosis 
Fungal meningitis 
latrogenic lonizing radiation 
Postoperative adhesions following surgery 





Cutaneous Stigmata 

Cutaneous features of spina bifida occulta invariably occur in the midline of the 
spine although they can be asymmetric, with more of the anomaly being present on 
one side or another. These include subcutaneous lipoma, dimples, hypertrichosis, 
skin tags and cutaneous hemangiomas (naevus flammeus) (Fig. 4). Isolated simple 
dimples located directly over the coccyx are not considered pathological. Other mid- 
line dimples should be investigated with either ultrasound (less than 6 months of 
age), or more definitively with magnetic resonance imaging (MRI). Two or more 
cutaneous abnormalities can coexist. Hypertrichosis, especially in the lumbar re- 
gion, is more commonly associated with a split cord malformation. 

















Figure 4. A) A cutaneous hemangioma in the lumbar area associated with an un- 
derlying spinal cord lipoma. B) A smaller cutaneous hemangioma adjacent to a 
midline dimple that represented the superficial end of a dermal sinus tract extend- 
ing into the spinal canal. 
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Neurological Symptoms 

Clinical features of the tethered cord syndrome vary in type and severity depend- 
ing upon the age of presentation. Symptoms include gait difficulty with lower ex- 
tremity weakness, radicular pain, sensory deficits, asymmetric hyporeflexia, spasticity 
and bowel/bladder dysfunction. The lower motor neuron symptoms are not directly 
related to tethering, but are caused by local compression of the spinal cord or nerve 
root injury. Upper motor neuron changes, however, are thought to arise directly 
from ischemic cord damage caused by tethering. A tethered spinal cord can also 
occur with noncongenital conditions such as spinal-cord injury, spinal-cord tumors 
and meningitis. 

Up to 10% of patients with occult dysraphic states will also have a Chiari type I 
malformation. Thus, symptoms generally related to a Chiari malformation can also 
be the first presentation of the tethered spinal cord syndrome. Presumably the trac- 
tion to the spinal cord plays a role in the descent of the cerebellar tonsils into the 
cervical spinal canal, although this is speculative. 


Orthopedic and Vertebral Anomalies 

Anomalies in the bone found in patients with spina bifida occulta include bifid 
vertebrae, laminar defects, hemivertebrae, sacral aplasia and sacral agenesis. The 
‘neuro-orthopedic syndrome’ refers to the combination of foot deformities, limb- 
length abnormalities, lower extremity muscle atrophy, limb pain and scoliosis. 


Anorectal Abnormalities 

Occult spinal dysraphism is associated with various anorectal and urogenital dis- 
orders, including cloacal extrophy, imperforate anus and bladder extrophy. It is also 
associated with the VATER syndrome (vertebral defects, anal atresia, tracheoesoph- 
ageal fistula, radial limb and renal dysplasia). Ten to 15 percent of all patients with 
anorectal anomalies will have some element of occult spinal dysraphism. 


Types of Occult Spinal Dysraphism 
Lipomyelomeningocele and Spinal Cord Lipoma 


Congenital abnormalities of the spinal cord containing fat are of three different 
types: lipomyelomeningocele, spinal cord lipoma and fatty filum terminale. Each can 
cause progressive neurologic dysfunction through the mechanism of spinal cord teth- 
ering. The lipomyelomeningocele is defined as a subcutaneous lipoma that passes 
through a defect in the lumbosacral fascia, vertebral lamina, and dura to merge with 
a low-lying spinal cord. The spinal cord is usually partially open (similar to a true 
myelomeningocele) and the lipoma-cord boundary is outside the spinal canal. The 
intradural fatty masses where the spinal cord remains within the spinal canal are de- 
fined as spinal cord lipomas (Fig. 5). These are distinct entities but some lesions clearly 
straddle the boundary between lipomyelomeningoceles and spinal cord lipomas. This 
lesion is not associated with other abnormalities of the bone or skin. The fatty filum, 
or fibrolipoma of the filum terminale, refers to a fatty infiltration of part or all of the 
filum terminale. It can be associated with a short, thick filum and occurs as an inci- 
dental finding in approximately 1.5% to 5% of the normal adult population. 
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Figure 5. A) AT1-weighted sagittal MR image showing a prominent fibro-fatty filum 
terminale extending from the conus of the spinal cord to the distal end of the thecal 
sac. B) A T1-weighted sagittal MR image showing a terminal spinal cord lipoma 
with direct extension of the lipoma into the subcutaneous tissues. The spinal cord 
is low and within the spinal canal. The presence of a deficiency in the posterior 
elements suggests that this lesion falls between a true spinal cord lipoma and a 
lipomyelomeningocele. 


Clinical Presentation 

For patients with a lipomyelomeningocele, 50% to 90% present with a back 
mass, 30% to 60% have bladder dysfunction, and 10% to 60% present with foot 
deformities, neurological symptoms, or other orthopedic abnormalities. All 
lipomyeloschisis lesions may cause progressive neurological and orthopedic dysfunc- 
tion by spinal cord tethering. Patients with spinal cord lipoma often present with 
signs and symptoms resulting from spinal cord compression. 


Radiological Evaluation 

MRI and computed tomography (CT) are useful in demonstrating lipomatous 
abnormalities of the spinal cord. MRI and CT myelography can also demonstrate 
an abnormally low conus medullaris. 
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Treatment 

The aim of surgical treament is to improve symptoms caused by spinal cord 
tethering or by cord compression from progressive fat deposition. Early surgical 
intervention is important to prevent further decline in neurological function. Some 
orthopedic abnormalities, such as foot deformities, progress regardless of surgery. 
Surgical correction of the lipomyelomeningocele includes resection or debulking 
of the fatty tumor, untethering of the spinal cord and closure of the dura. Overall, 
19% of patients will experience an improvement in symptoms, 6% will worsen, 


and 75% will be unchanged. 
Fatty Filum Terminale 


Features 

A fatty filum terminale, or fibro-fatty filum, refers to a condition in which the 
spinal cord is tethered by the presence of an abnormal filum. The normal filum is 
usually not visible on routine MRI, although some fat is present in approximately 
5% of normal individuals. The tethered spinal cord syndrome originally referred to 
symptoms of cord tethering (Table 1), a low-lying conus medullaris, and a terminal 
filum greater than 2 mm in diameter without evidence of other tethering condi- 
tions. However, it is most useful to view the fatty filum terminale as one cause of the 
tethered cord syndrome. 


Treatment 

The indications for surgical treatment of a fatty filum terminale are controver- 
sial. In the presence of clearly progressive symptoms, most surgeons would proceed 
with surgical division of a fatty filum terminale. For some surgeons, the coexistance 
of a low conus medullaris and a fatty filum in an asymptomatic patient is sufficient 
reason to proceed with a prophylactic procedure to prevent the possibility of future 
neurological deterioration. For asymptomatic patients with an isolated fatty filum 
and a normally positioned conus, the recommendation is less clear, since the natural 
history of this condition is unclear. Some surgeons feel that this anomaly will be- 
come symptomatic in a sufficient number of patients and that prophylactic surgery 
is indicated. 

A baseline preoperative cystometrogram is recommended, as postoperative changes 
in bladder function can occur. Since the terminal filum acts as the tethering agent in 
this condition, a limited lumbosacral laminectomy with sectioning of the filum 
terminale is the procedure of choice. The filum terminale is identified by the pres- 
ence of tortuous vessels on its surface, as well as a whiter appearance than surround- 
ing nerve roots. Intraoperative neurological monitoring and anal sphincter 
electromyogram (EMG) recording are used to definitely differentiate functional nerve 
fibers from the filum. 

Surgical sectioning of the fatty filum has been advocated for both symptomatic 
and asymptomatic patients. In the symptomatic group, 43% will have improve- 
ment or resolution of neurological or orthopedic abnormalities, while 58% will 
have a stabilization of their symptoms. The overwhelming majority of asymptom- 
atic patients remain asymptomatic after surgery. 
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Split Cord Malformation 


Features 

Split cord malformations (SCM), also refered to as either diastematomyelia or 
diplomyelia, are believed to occur due to a failure in gastrulation preceding neural 
tube closure. Mesodermal remnants persist dorsal to the notocord leading to a split 
spinal cord. This condition accounts for up to 25% of cases of occult spinal 
dysraphism. There are two types of SCM, each occurring with the same incidence. 
In each type of SCM, cord tethering occurs as a result of either a thickened filum 
terminale, or from fibrous bands that act to tether the hemicords and dura. 

Type I SCM is a split cord in which each hemicord lies within a separate dural 
tube, with a bony septum in between (Fig. 6). Other spinal abnormalities, such as 
absence of an intervertebral disc, or hypertrophic bone, often exist at the site of the 
SCM. An overlying area of hypertrichosis can also be seen, as can orthopedic foot 
deformities, and scoliosis in 50% of cases. Type II SCM refers to a split cord in 
which the two hemicords are contained within a single dural tube, separated by a 
fibrous median septum. Each hemicord has nerve roots exiting from it, and there is 
usually no spinal abnormality at the level of the split. Patients present with symp- 
toms from cord tethering. The hemicords and septum are best demonstrated by CT 
myelography or MRI. 


Treatment 

Surgical intervention for Type I SCM involves untethering of the spinal cord at 
the level of the defect and at the filum, removal of the bony septum and reconstruc- 
tion of the dura into a single tube. It is important to resect the median septum prior 
to sectioning of the filum so as to prevent the cord from retracting against the bony 
septum after the filum is cut. The treatment for Type II SCM involves untethering 
the cord at the level of the split, as well as dividing the thickened filum. 


Dermal Sinus Tract 


Features 

A dermal sinus tract is an epithelial-lined structure beginning at the surface of 
the skin, most often of the lumbosacral region, and extending to the dura, subarach- 
noid space, or spinal cord. This cutaneous portion of the tract is visible as a midline 
dimple with either normal or pigmented skin surrounding the dimple. The tract 
always courses cephalad as it travels inward. Moreover, this tract can widen at any 
point to form an epidermoid cyst if lined with stratified squamous epithelium, or a 
dermoid cyst if lined with dermis. Bladder dysfunction resulting from cord tether- 
ing is usually the first presentation of a dermal sinus tract. In addition, the sinus 
tract serves as a potential pathway for intradural infection, and can result in menin- 
gitis and/or an intrathecal abscess. 

When a dermal sinus is noticed at birth, ultrasound is the modality of choice to 
evaluate for occult spinal dysraphism. MRI is essential to demonstrate both the 
extraspinal and intraspinal course of the sinus tract (Fig. 7). 
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Figure 6. Several CT scan images (bone windows) showing an asymmetric midline 
bony spur dividing the spinal cord in two with separate dural sacs. The vertebral 
body is also abnormal. This is an example of a Type | SCM. 


Treatment 

Sinus tracts should never be probed or injected, as this may cause an infection or 
chemical meningitis. All sinuses should be surgically explored and excised prior to 
the onset of neurological dysfunction or infection. The deep attachment of the tract 
to the spinal cord or filum must be released. 


Terminal Myelocystocele 


Features 

The terminal myelocystocele is a rare form of occult spinal dysraphism and re- 
fers to the presence of a CSF-containing terminal cyst of the lower spinal cord (Fig. 
8). This cyst communicates with the central canal of the cord and is surrounded by 
an outer dural sac. Tethering results from the attachment of the terminal myelocys- 
tocele to the spinal cord. 
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Figure 7. A T1-weighted sagittal MR 
image demonstrating a dermal si- 
nus tract extending from the skin 
through the spinous process and 
into the spinal canal. If there is a 
patent lumen within the tract, CSF 
can leak through the tract. 


Figure 8. A T1-weighted sagittal 
MR image demonstrating a termi- 
nal myelocystocele. The end of the 
spinal cord flares into a dysplatic, 
cystic placode that terminates in 
the fat-containing subcutaneous 
tissues. 
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Signs and symptoms are those of the tethered cord. Patients with this lesion 
typically have very poor bowel and bladder function and marked lower extremity 
weakness. These lesions are also associated with various congenital defects, includ- 
ing the imperforate anus, cloacal extrophy, omphalocele, unilateral renal agenesis 
and ambiguous genitalia. MRI or ultrasonography is useful in demonstrating the 
terminal myelocystocele. 


Treatment 

Surgical intervention requires separating the spinal cord from the terminal my- 
elocystocele, recreating the neural tube, and reconstructing the subarachnoid space 
by incising and reapproximating the dura. 


Neurenteric Cyst 


Features 

Neurenteric cysts are spinal cysts lined with alimentary tract mucosa. They may 
be extradural and extend into the abdomen or mediastinum, or may be intramedul- 
lary. These cysts are formed by entrapment of endoderm between a split notochord. 
Neurenteric cysts may be associated with other dysraphic elements, or may exist as a 
solitary lesion. Patients with these lesions can present with symptoms of acute 
spinal-cord compression. 


Treatment 

Gross total resection of the cyst is the treatment of choice. Intraoperative ultra- 
sound is useful in localizing the entirety of the lesion. Patients who undergo a subto- 
tal cyst excision have been found to have an 11% cyst recurrence rate. 


Meningocele Manque 

This condition refers to the presence of fibrous bands of neural tissue tethering 
the spinal cord to the dura or surrounding structures. Patients present with signs 
and symptoms of cord tethering. MRI and/or CT myelography are used to visualize 
the fibrous tethering bands. Surgical treatment involves sectioning of the fibrous 
tethering bands. 


Conclusions 

Spinal dysraphism is a cause of significant morbidity in both children and 
adults. The occult spinal dysraphic states are characterized by a failure of fusion of 
midline, neural or bony structures, with intact overlying skin. Open spinal dysraphic 
lesions, the myelomeningocele being the most common, are manifest by a failure 
of fusion of all midline tissue elements, including skin. Early and aggressive repair 
of the myelomeningocele is advocated to reduce infectious complications. In gen- 
eral, patients with spinal dysraphism will require a lifetime of close neurological 
follow-up. Further developments in the area of spinal dysraphism will include the 
potential for antenatal repair as well as other neuroprotective strategies for spinal 
and brain dysfunction. 
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Craniofacial Surgery 


McKay McKinnon and David M. Frim 


General Principles 

Craniofacial procedures include a variety of orthopedic and soft tissue opera- 
tions that are performed in and around the brain, orbit and nasopharynx. A cranio- 
facial reconstructive procedure, whether for congenital malformation or tumor, is 
optimally performed by an interdisciplinary team composed of a craniofacial sur- 
geon and a neurosurgeon. As a rule, communication and cooperation between the 
surgical team and the pediatric anesthesiologist is the key to a successful outcome. 
As a discipline, craniofacial surgery addresses 3 major groups of disorders: (1) the 
craniosynostoses and craniofacial syndromes; (2) craniofacial clefts and congenital 
anomalies of the skull base; and (3) tumors; as well as traumatic injury. 


Craniosynostosis and Craniofacial Syndromes 


Etiology 

Craniosynostosis is defined as the premature closure of the cranial sutures, which 
includes the paired coronal suture, the paired lambdoidal suture and the midline 
metopic and sagittal sutures. Nonsyndromic (isolated) craniosynostosis occurs spo- 
radically, although a few families are known where the disorder is inherited in an 
autosomal dominant pattern. The genetic cause for most craniofacial syndromes 
such as Crouzon’s, Apert’s and Pfeiffer’s syndromes has been localized to the gene 
family coding for fibroblast growth factor receptor (FGFR). Mutations occurring in 
different parts of the FGFR gene, as well as in several related genes, probably ac- 
count for the different phenotypes that are observed. 


Nonsyndromic Craniosynostosis 

Diagnosis 

Premature closure of one or any combination of the cranial sutures produces a 
stereotypical change in head shape that is generally easily recognized during the physi- 
cal examination (Table 1). The development of a characteristic head shape follows a 
general principle in which growth of the head is restricted in the direction perpendicu- 
lar to the synostotic suture, and compensatory growth occurs in a direction parallel to 
the closed suture. Although the primary abnormality in craniosynostosis is premature 
closure of the suture, it is normal brain growth that causes the secondary change in 
head shape. For this reason, craniosynostosis may not be apparent at birth, but will 
become more apparent during the first few months of life when brain and head growth 
are particularly rapid. This basic concept is not well understood by many practitioners. 
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Table 1. Types of craniosynostosis 








Suture Cranial Abnormality Features Frequency 
Sagittal Scaphocephaly, Anterior to posterior elongation, 40-60% 
dolichocephaly narrow biparietal distance, 
frontal and/or occipital bossing 
Unilateral Anterior Recession of the ipsilateral 20-30% 
coronal __ plagiocephaly forehead, elevation of the 


ipsilateral eye, hollowing of 
the ipsilateral temporal fossa 


Bilateral | Brachycephaly ‘Tower-like’ pointed head, 10% 
coronal reduced overall size in the 

anterior to posterior dimension, 

flattened forehead 


Metopic — Trigonocephaly Pointed frontal bone, hypotelorism, 5-10% 
recession of the lateral brow 
Lambdoid Posterior Flattening of the occipital area, 1-3% 
plagiocephaly prominence of the contralateral 


frontal area 





Closure of the sagittal suture, the most common type of synostosis, will restrict 
head growth in the side-to-side (biparietal) direction and allow growth in the 
anterior-to-posterior direction (Fig. 1). This produces a long, narrow, boat-shaped 
head that is termed dolichocephalic. From the side, the head appears to be elongated 
and rounded superiorly, a shape of the head called scaphocephalic, which is synony- 
mous with dolichocephaly. Unilateral coronal synostosis will produce an asymmetry 


Figure 1. A reformatted 3D CT 
scan image of a child with sagit- 
tal synostosis viewed from above. 
Note the absence of the sagittal 
suture and the elongated head. 
The frontal area is particularly 
prominent, a feature described as 
‘frontal bossing’. 
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Figure 2. Reformatted 3D CT scan images of a child with unilateral coronal synos- 
tosis. The involved supraorbital area is recessed leading to an impression of a 
proptotic eye, which is actually in a normal position. 


in the development of the orbit, along with lack of growth in the temporal region on 
the affected side. The forehead will tend to be recessed and the brow elevated, also on 
the affected side (Fig. 2). The effect upon the orbit is best seen on an anterior-posterior 
(AP) skull film, with elevation and pointing of the lateral orbit resulting in a shape 
described as a ‘harlequin eye’ (Fig. 3). The overall asymmetry of the head is described 
as anterior plagiocephaly. Synostosis of both coronal sutures will restrict the head growth 
in the anterior-to-posterior direction and will produce a head shape that is reduced in 
the anterior-to-posterior direction and widened in the side-to-side (biparietal) direc- 
tion (Fig. 4). This appearance is described as brachycephaly. Lambdoid synostosis pro- 
duces occipital asymmetry, and is also described as posterior plagiocephaly (Fig. 5). If 


Figure 3. An AP skull X-ray film 
showing a characteristic eleva- 
tion of the lateral orbit with a 
unilateral coronal synostosis. 
This is known as a ‘harlequin 
eye’ deformity. 
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Figure 4. A reformatted 3D CT scan image of a child with bicoronal synostosis. 
Viewed from the side, the head is markedly short in the anterior to posterior direc- 
tion and elongated upwards. 


both lambdoidal sutures are closed, then the entire occiput will be foreshortened and 
the biparietal diameter widened. Early closure of the metopic suture limits side-to-side 
growth of the forehead, resulting in hypotelorism, recession of the lateral forehead 
bilaterally, and a triangular-shaped forehead when viewed from above. This head shape 
is described as trigonocephaly (Fig. 6). 

Posterior plagiocephaly can also occur from positioning infants in the supine po- 
sition. Based upon recommendations from national organizations to prevent sudden 

















Figure 5. A reformatted 3D CT scan images of a child with right lambdoid synosto- 
sis. From above (left image), the left occipital area is prominent. The marked defor- 
mation of the posterior portion of the cranial vault is particularly evident when 
viewed from below (right image). 


Craniofacial Surgery 165 





Figure 6. A reformatted 3D CT scan 
image of a child with metopic synos- 
tosis. Viewed from above, the fore- 
head is pointed, or ‘triangular’, with 
associated recession of the lateral 
supraorbital margins and varying 
degrees of hypotelorism. 





infant death syndrome (SIDS), there has been a dramatic increase in the development 
of positional plagiocephaly. This cranial vault deformity is due to molding of the head 





resulting from asymmetric pressure on the occiput. There are clear differences be- 
tween plagiocephaly resulting from synostosis and from positioning (Table 2). 


Table 2. Differentiating positional plagiocephaly from true lambdoid suture 
synostosis 





Feature _— Positional Plagiocephaly Lambdoid Suture Synostosis 





Occiput — Flattening of the side of sleep —_ Anterior to posterior elongation, 
preference narrow biparietal distance, frontal 
and/or occipital bossing 


Onset At times present at birth, but Gradual worsening of cranial 
usually accentuated with back deformity with no clear association 
sleeping during first three with sleeping preference 


months; improvement or 
stability thereafter 


Position From above, ipsilateral ear is ‘Tower-like’ pointed head, reduced 
of ears displaced anteriorly overall size in the anterior to posterior 
dimension, flattened forehead 


Forehead _ Ipsilateral forehead is displaced Ipsilateral forehead is usually 
anteriorly; degree of displace- _ displaced posteriorly due to lack of 
ment is usually much less than — growth at lambdoid area; contralateral 
posterior flattening forehead is usually displaced forward 


Lambdoid Posterior plagiocephaly Flattening of the occipital area, promi- 
nence of the contralateral frontal area 
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Patients with single-suture craniosynostosis are rarely symptomatic, as the overall 
volume of the cranium is normal. Typical signs of raised intracranial pressure (ICP) 
such as nausea, vomiting and lethargy are not observed. Some authors have suggested 
that these patients demonstrate a variety of cognitive deficits, but this observation is 
not proven. Once the abnormal head shape is recognized, the patient should be evalu- 
ated at a center with experience managing craniofacial anomalies. Skull films are gen- 
erally of limited use for diagnosis because of difficulty in evaluating the sutures 
adequately and the variable techniques used. If the diagnosis is in doubt, then a 
high-resolution computed tomography (CT) scan with three-dimensional reformat- 


ting is helpful. 


Treatment 

The preferred treatment for craniosynostosis is surgery, although, rarely, some 
parents will choose not to have their child undergo surgery. These children ulti- 
mately develop cranial vault deformities of varying severity, but do not appear to 
have neurological or cognitive deficits. 

Surgical treatment for nonsyndromic craniosynostosis has changed over time. 
The original procedure consisted of a simple craniectomy of the involved suture 
without a significant recontouring of the cranial vault. Because of persisting defor- 
mities in some patients, this technique has been gradually supplanted by a variety of 
more extensive procedures that remove the suture but also reconstruct the cranial 
vault to correct the secondary head-shape change. Although difficult to prove with 
objective measures, the use of these more extensive procedures does appear to create 
a more consistent correction when compared to simple suturectomy. In the past few 
years, endoscope-assisted surgery has been used to reduce the blood loss and mor- 
bidity of larger open procedures. These endoscopic procedures can be done safely in 
very young infants (less than 3 months of age), and when coupled with a postopera- 
tive molding helmet can result in an excellent final appearance. 


Surgical Technique 

Surgical treatment of any synostotic condition is tailored to the affected suture 
and the degree of secondary cranial vault abnormality. In general, the exposure must 
allow access to the entire affected area as well as to a significant portion of the sur- 
rounding calvarium. Careful preoperative planning must include a discussion of 
which bones are to be removed, whether or not the supraorbital rim requires recon- 
struction, and if decompression of neural structures is required. If the operation is 
on the metopic or the coronal sutures, the exposure will need to be biased anteriorly. 
If the operation is on the sagittal suture or the lambdoidal suture, the exposure will 
need to be biased more posteriorly, although at times the frontal region may also 
require reconstruction. For virtually all forms of coronal suture synostosis, the su- 
praorbital rim will require removal and reconstruction. 

A zigzag bicoronal skin incision allows access to the entire cranial vault from the 
orbital margin to the occiput and produces an excellent cosmetic result. After the 
incision is open, the synostotic suture is exposed and burr holes are placed to allow 
removal of the synostotic bone. There are multiple techniques for bone removal and 
reconstruction, which are beyond the scope of this discussion. In brief, the primary 
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goal of sagittal synostosis repair is the removal of the suture and wide removal of the 
parietal bone plates to allow the biparietal distance to be increased. This may be 
accomplished by creating ‘barrel-stave’ osteotomies in the parietal bones and then 
bending or fracturing the parietal segments outward. Some children will have very 
prominent frontal bossing, which may also require recontouring of the frontal bones. 
Similary, a very prominent occipital bone may also require removal and recontouring. 

For metopic suture synostosis the entire frontal bone and the supraorbital rim 
are removed for the reconstruction of the frontal bone and the orbits. For bilateral 
coronal synostosis, it is necessary to remove the frontal bones, the supraorbital rim, 
and sometimes the parietal bones; leaving a strut of bone to cover the superior sag- 
ittal sinus. The cranial vault is reconstructed in order to increase the anterior-posterior 
diameter and decrease the biparietal diameter. For lambdoid synostosis, the occipi- 
tal bone and the posterior portion of the parietal bone are removed on the involved 
side, although it is often required to remove the entire occipital bone in order to 
achieve a satisfactory result. 

There is no universal methodology for fixation of the bony fragments, although 
the current trend is to use absorbable plating systems that generally disappear over 6 
to 18 months. Postoperatively, after the skin is brought back together, subgaleal 
drains can be left in place, as postoperative facial and cranial swelling can be impres- 
sive. These drains are generally removed after 48 hours. Some infants may benefit 
from protective helmets for approximately 6 weeks in the postoperative period. These 
customized helmets can also improve the final cosmetic result by passively molding 
the cranial vault and preventing unexpected positional changes. 


Complications 

Intraoperative complications include dural lacerations, cerebrospinal fluid (CSF) 
leakage, dural venous sinus lacerations and, infrequently, brain injury. Delayed com- 
plications include wound infection, CSF pseudomeningoceles, and bone resorption 
with persistent defects in the bone. Avoidance of dural laceration is sometimes im- 
possible given the thin nature of the dura at the skull base. Primary or secondary 
repair with pericranium is successful in most cases. Lacerations of the dural sinuses 
can lead to catastrophic hemorrhage, and rapid occlusion of the opening with he- 
mostatic agents is imperative. Other surgical complications include optic nerve in- 
jury and early closure of the reconstructed bone, requiring additional surgery. 

Although infants recover fully within a 6-week period, a transient developmen- 
tal delay (such as a delay in sitting or standing) related to the effects of the procedure 
may occur. A repeat craniofacial CT scan in the 6- to 12-week range and yearly visits 
until the children reach school age, ensure that the cosmetic result is acceptable. A 
repeat imaging study is not mandatory and clinical follow-up is sufficient in many 
situations. 


Craniofacial Syndromes 

Diagnosis 

Although almost 100 described clinical syndromes are associated with cranio- 
synostosis, the 4 most common are Crouzon’s, Apert’s, Pfeiffer’s and Saethre-Chotzen 
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Table 3. Features of syndromic craniosynostoses 








Syndrome Common Features Incidence and Genetics 
Crouzon’s Brachycephaly; coronal, lambdoid 1/25,000 births 
and basilar suture involvement |= FGFR2 mutation, rarely FGFR1 
Hypertelorism Autosomal dominant 
Maxillary hypoplasia with Equal numbers of sporadic 
midface retrusion and familial cases 
High arched palate 
Mental retardation rare 
Apert’s Turribrachycephaly; involvement 1/100,000 births 
of bilateral coronal, lambdoid, | FGFR2 mutation 
and sometimes sagittal sutures | Autosomal dominant 
Orbital hypoplasia and Mainly sporadic with some 
hypertelorism familial cases 
Maxillary hypoplasia 
Complete and symmetric 
syndactyly of the 2nd, 3rd, 
and 4th fingers 
Mental retardation more common 
Pfeiffer’s Turribrachycephaly; involvement 1/200,000 births 


Saethre-Chotzen 


of bilateral coronal and 
frontosphenoidal sutures 
Cloverleaf deformity common 
Broad thumbs and great toes 
Soft tissue syndactyly of some 
fingers 


FGFR1 and FGFR2 mutations 
identified 

Autosomal dominant 

Equal numbers of sporadic 
and familial cases 


Orbital hypoplasia and hypertelorism 


Maxillary hypoplasia 


Types I, Il and Ill described; Types 


Il and III are associated with 


severe CNS anomalies while mental 


function is normal in Type | 


Brachycephaly 

Low set hairline 

Facial asymmetry; ptosis; 
low-set ears 

Partial soft tissue syndactyly, 
usually 2nd and 3rd digits 

Mental retardation rare 


1/50,000 births 

TWIST gene mutation 

Autosomal dominant with 
complete penetrance and 
incomplete expression 

Mainly familial cases 





syndromes (Table 3). All of these syndromes visually exhibit bilateral coronal synos- 
tosis, as well as variable effects on the face. There is a stereotypic head and face 


dysmorphism in children who are affected by these syndromes, which usually leads 


to early diagnosis in infancy. Initial evaluation includes a complete neurological 


examination, ophthalmological testing, Hertel exophthalmometry, and a detailed 


dental and maxillofacial assessment. Children with Apert’s syndrome also have syn- 


dactyly involving the hands and feet, which requires a number of procedures to 
increase the functional usefulness of the hands (Fig. 7). Additional evaluation by a 


speech therapist is important to evaluate oropharyngeal function and its effect on 
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Figure 7. A child with Apert’s syndrome demonstrating bilateral syndactyly. The 
individual metatarsal bones are present, but abnormal, and the soft tissues are 
fused together. 


speech. Genetic testing is also indicated, followed by family counseling. Finally, a 
nuanced evaluation of the psychological impact of the facial anomaly and multiple 
surgical procedures is essential. 

Raised ICP is a common finding in children with syndromic synostosis. As a 
group, approximately 10% will require placement of a VP shunt. The etiology of 
raised ICP is presumed to be restriction of cranial-vault growth, or from hydroceph- 
alus. In the former case, children may present with papilledema and headaches, and 
with normal or small ventricular size. Microcephaly caused by a lack of cranial-vault 
growth over time is the usual indicator of this disorder. Hydrocephalus occurs in 
approximately 30% of children with Crouzon’s syndrome and less frequently for the 
other 3 syndromes. Progressive hydrocephalus should be differentiated from ven- 
tricular dilatation, which is common in syndromic craniosynostosis patients. 

Children with severe forms of Pfeiffer’s syndrome and children with cloverleaf 
skull deformities (Fig. 8) are at higher risk for hydrocephalus. These children can 
present with more typical signs and symptoms of raised ICP, such as headache, 
irritability, a bulging fontanelle, extra-ocular movement abnormalities and/or papille- 
dema. The usual cause is microcephaly resulting from the closure of multiple su- 
tures. These patients require a cranial-vault expansion and reconstruction soon after 


birth. 


Treatment and Surgical Technique 

The general principles of craniofacial repair are early cranial-vault repair (be- 
tween 6 to 9 months of age) to allow for more-normal brain growth, and delayed 
repair of facial structures (between 5 to 8 years of age) such as the orbit, maxilla, and 
mandible to address problems of cosmesis, orbital position, dental occlusion and 
pharyngeal function. Multiple procedures may be required during childhood for 
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Figure 8. A reformatted 3D CT scan images of a child with a clover-leaf cranial 
vault abnormality. The shape is very abnormal, with towering of the cranial vault 
in the midline and lateral protrusion of the temporal bones. The bones are very 
thin due to the outward growth of the brain, resulting in an irregular appearing 
cranial vault. 


severe anomalies. Other procedures may be required to treat problems such as prop- 
tosis and airway obstruction. Early symptomatic hydrocephalus will require place- 
ment of a ventriculoperitoneal (VP) shunt in a minority of patients; in those with 
primary cranial-vault restriction, expansion of the cranial vault during the initial 
surgical procedure may address some of the problem. Others may require placement 
of a shunt if hydrocephalus becomes symptomatic at a later date. Imaging studies 
are rarely required to establish a diagnosis, but are very useful as preoperative ad- 
juncts. A magnetic resonance imaging (MRI) study of the brain and upper cervical 
spine can exclude the presence of a significant Chiari I malformation, which can 
coexist with other posterior fossa anomalies. 

In addition to general preoperative blood tests, nearly all craniofacial recon- 
structive procedures in infants will require a blood transfusion, and issues related 
to risks of blood transfusion should be discussed directly with the family. Since 
most syndromic synostoses involve the coronal sutures, the initial procedure must 
address the anterior cranial vault. Although both anterior and posterior portions 
of the cranium can be repaired during the same procedure, usually one is chosen 
as the site of primary repair, depending upon which is most severely affected. For 
hypertelorism and orbital hypoplasia, an orbital advancement is necessary. As 
mentioned above, significant facial surgery such as a midface advancement is de- 
layed until later in childhood, when the facial bones are more robust and less 
fragile. The types of complications arising from craniofacial procedures are similar 
to those encountered with surgery for nonsyndromic craniosynostosis, although 
blood loss, the risk of dural laceration, and upper airway obstruction probably 
occur at a higher rate. 
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Table 4. Classification of encephaloceles 








Location Type Comments 

Anterior Sincipital The encephalocele is defined by the bones it 
Nasofrontal emerges between; 
Nasoethmoidal Sincipital encephaloceles often present with 
Naso-orbital visible mass or an effect on facial growth; 
Frontoethmoidal — Anterior encephaloceles are more common 

in certain Asian populations 
Basal 

Sphenopharyngeal Basal encephaloceles may not be apparent 
Spheno-orbital on physical examination 


Sphenomaxillary 
Sphenoethmoidal 


Posterior = Occipital Encephalocele often affects the location 
Supratorcular of the torcula; 
Infratorcular Varying degrees of cerebellar tissue are 
Occipitocervical located within the sac; 


More common in Caucasians 
Parietal 





Craniofacial Clefts and Skull-Base Anomalies 
Diagnosis 


Clefts or microsomias can affect the central face from the maxillary bone to the 
frontal bone and may result in defects of variable size in the cranial base. Brain or 
meningeal herniation can cause a progressive deformation of the bony structures at 
the skull base. This can manifest as an encephalocele protruding into the nose, mouth, 
or orbit (Table 4). These entities can be diagnosed a physical exam when they are 
visible or when there are associated cutaneous markers such as midline dimples from 
the tip of the nose to the forehead. Imaging studies should include a CT scan of the 
bone (Fig. 9) and an MRI scan to define the neural structures. Most encephaloceles 


Figure 9. Acoronal CT scan im- 
age of a child with a naso-frontal 
encephalocele. There is protru- 
sion of gliotic brain tissue 
through the defect in the bone 
in the floor of the frontal fossa 
into the nasopharynx. 
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are covered by normal skin and do not require urgent repair. Some basal encephaloceles, 
however, can erode through an attenuated dura, leading to a CSF leak and a higher 
risk of meningitis. Involvement of the pituitary stalk or structures around the sella 
may produce an endocrinopathy. Herniated brain tissue can cause blindness from 
compression of the optic nerve. Poorer outcome is associated with increased amount 
of brain material within the sac and with the presence of hydrocephalus. 


Treatment 

Lesions with exposed neural tissue or an obvious CSF leak should be repaired 
urgently. Treatment of lesions with normal skin coverage can be deferred until a 
later time for definitive repair. As with craniofacial syndromes, staged repair maybe 
necessary for anterior encephaloceles with significant facial remodeling and distor- 
tion. Surgical repair involves defining the margins of the normal anatomical struc- 
tures, isolating the transition from normal to dysplastic brain tissue within the sac, 
truncating this tissue, and performing a watertight dural closure. For posterior 
encephaloceles in particular, the location of the dural venous sinuses must be deter- 
mined preoperatively to prevent accidental entry and major blood loss. MRI and 
CT venography are ideal methods for defining the anatomic relationship between 
the superior sagittal sinus and torcula, and the dural defect and encephalocele sac. 
The subsequent reconstruction of the bone may require bone grafts with autologous 
bone or synthetic material. If hydrocephalus is present, the only way to prevent a 
CSF leak may be to insert a VP shunt. 


Craniofacial Tumors 

Benign congenital tumors of the skull base include dermoid tumors, teratomas 
and hemangiomas. The clinical presentation in infancy includes facial asymmetry, a 
visible or palpable mass in the nose or mouth, or a cutaneous marker such as a deep 
dimple in the midline from the tip of the nose to the anterior fontanelle. Congenital 
tumors may occasionally present after birth as a facial mass, CSF leakage, or menin- 
gitis. Detailed imaging studies are mandatory and should include pre- and 
postcontrast MRI scans and high resolution CT scans of the skull base. Lesions 
involving the sella and sphenoid bones may require catheter angiography to deter- 
mine if compression or invasion of the carotid arteries is present. Treatment of these 
tumors must be individualized depending upon the location and size of the mass, 
the age of the patient and the ultimate pathology of the lesion. Surgery for benign, 
anterior skull-base tumors requires a wide exposure to facilitate complete resection 
and subsequent reconstruction of the dura, cranial base and facial bones. This often 
requires bifrontal craniotomy in combination with transfacial, transnasal, or transoral 
approaches. 

Malignant tumors of the orbit and cranial base pose significantly more complex 
technical problems than benign tumors. These tumors include soft tissue sarcomas 
or sarcomas of the anterior skull base. Malignant teratoma or other germ cell tumors 
may also occur in this area. The primary goals of surgery for malignant craniofacial 
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tumors are to obtain adequate tissue for diagnosis and then facilitate optimal 
multi-modality therapy designed to achieve long-term survival. This may include 
an attempt at gross total resection with clear margins, followed by adjunctive therapy 
such as chemotherapy or radiation therapy. For tumors at locations that render them 
inoperable, biopsy, followed by primary treatment with adjunctive therapy, is an 
acceptable alternative. Of course, as with any malignant tumor that is not surgically 
curable, care must be taken to avoid causing deficits to or destruction of neural 
tissue or important structures at the skull base. 


Craniofacial Trauma 


Preoperative Evaluation 

Craniofacial trauma includes any fractures of the frontal bone that involve the 
frontal sinus, the orbit and its contents, or the facial structures. These are difficult 
injuries to treat, particularly when associated with brain injury or disruption of the 
CSF barrier. Reconstruction is complicated and normal function of the damaged 
structures in the orbit or skull base may be impossible to restore. Because of the 
structure of the nasal sinuses, force applied to the face and head from the anterior 
position may often be absorbed by the facial structures and sinus structures, thereby 
reducing the likelihood of a severe intracranial injury. Associated injuries to con- 
sider include laceration or dissection of the carotid arteries, orbital fractures with 
entrapment of extraocular muscles, cranial-nerve injuries and delayed upper-airway 
obstruction. 

Initial management should follow the standard resuscitation protocol for all 
trauma patients. Particular attention should be paid to securing the upper airway. 
A tracheostomy is usually not necessary, although an extensive facial injury with 
significant soft-tissue swelling may require a tracheostomy in order to complete 
the surgical repair. The scalp and face are richly supplied by multiple arteries, and 
hemodynamically significant blood loss can occur from craniofacial injuries. Na- 
sal catheters should be avoided since they may follow fractures in the anterior 
skull base into the intracranial space. All intubations, whether endotracheal or 
gastric, should be performed through the mouth under direct vision. Associated 
brain injury should be managed in parallel with facial and systemic injuries (see 
Chapter 3). Temporary hemostasis can almost always be obtained if an urgent 
surgical procedure is required prior to definitive management of the facial injury. 
Initial imaging studies of patients with craniofacial trauma should include a plain 
CT scan of the head as well as a high-resolution craniofacial CT scan with thin 
cuts through orbits and other affected facial structures. Open facial fractures should 
be treated with broad antibiotic coverage, such as a 3-antibiotic cocktail of nacillin, 
ceftriaxone and metronidazole given over several days. A delay in surgical treat- 
ment is also indicated in the event of ocular blindness. This should be treated with 
steroids or, if compression of the optic nerve can be demonstrated conclusively, by 
decompression of the optic nerve. 
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Treatment 

Techniques for the treatment of craniofacial fractures are similar to those for 
elective procedures. A bicoronal skin incision with retraction of the forehead and 
facial skin down to the mid-orbit area allows excellent access to the cranial vault and 
upper face and orbit. Additional incisions through the mouth or through the face 
can be used as necessary to obtain a wider exposure. Open and grossly contaminated 
wounds should be debrided aggressively and washed thoroughly. Rigid fixation should 
be used to promote fusion of the bone and prevent infection. In the postoperative 
period, specific issues to consider include airway protection, particularly for patients 
who are placed in intermaxillary fixation, routine neurological and visual examina- 
tions, and evaluation of endocrine function for anterior skull-base injuries. 
Post-traumatic CSF leaks are usually treated conservatively with lumbar drainage, 
although clear structural defects in the anterior fossa floor seen on CT scans almost 
always require a surgical procedure to repair. 


Conclusions 

Craniofacial surgery is an integral part of the practice of the pediatric neurosur- 
geon and requires a truly interdisciplinary approach to the problems encountered. 
The principles of treatment involve a consideration of the normal growth of the 
structures involved and anticipation of staged procedures if required. Congenital 
skull-base anomalies are complex problems to treat and careful preoperative plan- 
ning and preparation will reduce the risk of complications and improve outcome. 
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Functional Neurosurgery in the Child 


Steven G. Ojemann, Matthew D. Smyth and Warwick J. Peacock 


Movement Disorders in Children 


Introduction 

The production of normal movement is a complex phenomenon, dependent on 
a multitude of structures and sensory feedback systems. In the cortex, these struc- 
tures include not only the primary motor cortex (M1), but also the premotor and 
supplementary motor regions (Brodmann’s area 6) anterior to the M1, as well as the 
parietal cortex (Brodmann’s areas 5 and 7). The parietal cortex appears to encode 
information about the spatial orientation of objects in head- or shoulder-centered 
coordinates, as well as information about the current and desired arm positions in 
ballistic movements. This region has a role in the integration of visual and proprio- 
ceptive information into coordinate frames that can be used to generate movements. 
The premotor cortex appears to process sensory cues for intended movements, while 
the more superior and medial supplementary motor cortex has a role in the se- 
quencing of movements. 

Subcortical structures that are essential for normal movement include the cer- 
ebellum and the basal ganglia, which both receive and project fibers to all of these 
cortical regions. Both of these areas receive error signals from the olive and the 
substantia nigra, respectively. The olive encodes differences in observed and expected 
movements, while the substantia nigra and pars compacta encode differences in 
observed and expected rewards. The basal ganglia and the cerebellum appear to use 
these error signals to weight their processing of cortical inputs. They then project 
principally to the lateral thalamus (the basal ganglia to Va and VL, the “pallidal 
receiving area’; the cerebellum to VL and VPL, the “cerebellar receiving area”), which 
projects back to cortex (Fig. 1). Other projections are sent from the basal ganglia to 
brainstem nuclei, which are responsible for the production of complex, stereotyped 
movement patterns. The basal ganglia and cerebellum appear to incorporate infor- 
mation about errors in movement or goal-orientation and process them through 
various mechanisms to modulate motor output. 

Brainstem centers responsible for executing complex, stereotyped movements 
include the superior colliculus (ballistic eye movements), the pedunculopontine 
nucleus (gait entrainment) and the vestibular and red nuclei (mediators of posture 
via modulation of extension and flexion). These centers act via regulation of the 
alpha motor neuron in the anterior horn, which is itself regulated by feedback from 
afferents from the muscle spindle and Golgi tendon organ. Information from spindles 
and Golgi tendon organs, encoding the velocity of muscle contraction and muscle 








Pediatric Neurosurgery, edited by David Frim and Nalin Gupta. ©2006 Landes Bioscience. 








176 Pediatric Neurosurgery 











CORTEX 


\) { 


\/ 


PUTAMEN 








INDIRECT DIRECT 





GPe 


STN 





GPi and SNr 














\ To brainstem 
Y and spinal cord 











Figure 1. The BG are part of a loop circuit involving the cortex and thalamus. The 
open arrows reflect excitatory pathways and the dark arrows inhibitory pathways. 
The striatum is the source of BG input while the GPi is the major source of BG 
output. The BG have two major intrinsic pathways: direct and indirect. The GPe 
and STN are in the indirect path. The GPi is the endpoint of both indirect and 
direct pathways. The STN has a strong excitatory effect on GPi, which in turn 
inhibits the thalamus. Dopamine from the striatum excites the direct pathway and 
suppresses the indirect pathway. Overall, the direct pathway facilitates movement 
and the indirect inhibits movement. (BG = basal ganglia; GPe = globus pallidus 
externa; GPi = globus pallidus interna; STN = subthalamic nucleus; SNc, SNr = 
substantia nigra compacta and reticulata.) 


length, provides baseline inputs to the alpha and gamma motor neurons. These 
inputs, together with the cortical and brainstem descending signals to the alpha and 
gamma motor neurons, contribute to a baseline efferent signal from the ventral 
horn, which determines muscle tone. 

Disturbance of any of these pathways can produce disordered movement, which 
can assume a wide variety of forms. The terminology used to describe these disor- 
ders is complex, and descriptions of some common terms are given in Table 1. 


Spasticity 

Spasticity is a condition in which there is a velocity-dependent increase in 
resistance of the muscle group to passive stretch with a “clasp-knife” type compo- 
nent. It is associated with hyperactive deep-tendon reflexes, the Babinski sign, 
clonus and reduced range of joint motion. Spasticity affects both children and 
adults and results from a variety of neurological disorders, such as cerebral palsy 
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Table 1. Common definitions used to describe movement disorders 





Term Etymology Clinical Definition 





Dystonia [dys+G. tonos, tension] Syndrome of sustained muscle 
contractions, usually agonists and 
antagonists, leading to twisting, 
repetitive movements, or abnormal 
postures 


Chorea G. choreia, a choral dance] Syndrome of quick irregular 
movements, that can interfere with 
normal movements 


Athetosis G. athetos, without A constant succession of slow, 
position or place] writhing movements of fingers and 
hands, sometimes toes and feet 


Spasticity G. spastikos, a drawing in] A velocity-dependent increase in 
muscle tone 





Rigidity L. rigidus, inflexible] Stiffness, inflexibility (not velocity- 
dependent) 
Akathisia a+ G. kathisis, a sitting] | A syndrome characterized by by an 


inability to remain in a sitting posture, 
with motor restlessness and a feeling 
of muscular quivering 


Myoclonus [myo +G. klonos, tumult] Clonic spasm or twitching of a muscle 
or group of muscles 


Dyskinesia [dys + G. kinesis, Stereotyped, automatic 

movement] movements that cease during sleep 
Ballismus [G. ballismos, Lively jerking or shaking 

a jumping about] movements 





(CP), multiple sclerosis, spinal cord or head trauma and ischemic or hypoxic brain 
injury. Cerebral palsy (CP) is one of the most common disorders resulting in 
spasticity. Spasticity occurs in approximately 60% of patients with CP, thus affect- 
ing at least 300,000 children in the United States. Spasticity is commonly treated 
with oral and intrathecal medications, local intramuscular injections and neuro- 
surgical procedures. 

Neurosurgical interventions reduce spasticity by interrupting the stretch reflex 
at various sites along the spinal reflex arc, or by increasing the centrally-mediated 
inhibitory influence on the anterior horn motor neuron pool. Surgical interventions 
for spasticity can be classified into ablative peripheral procedures, such as rhizotomy 
or peripheral neurectomy, or central procedures, such as cordectomy, myelotomy, or 
stereotactic lesioning. Nonablative procedures include peripheral-nerve or 
motor-point blocks, the implantation of intrathecal catheters for infusion of drugs 
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to enhance inhibitory activity, and the implantation of spinal or cerebellar stimula- 
tors. Selective posterior rhizotomies and intrathecal baclofen pumps have emerged 
as the predominant neurosurgical procedures for treating spasticity in children. Or- 
thopedic procedures, such as tendon release, transfer and lengthening, and myo- 
tomy are also performed for advanced stages of spasticity to correct deformities, 
release contractures and prevent skeletal complications. In general, the main goals of 
spasticity treatment, whether medical or surgical, are to improve function, facilitate 
care and reduce or prevent pain and muscle contractures. 


The Stretch Reflex and Mechanisms of Spasticity 


Competing excitatory impulses (glutamate- and aspartate-mediated from la 
muscle spindles) and descending inhibitory influences (gamma-amniobutyric acid 
(GABA)-mediated from basal ganglia and cerebellum) modulate alpha motor neu- 
ron output from the ventral horn of the spinal cord, and thus, skeletal muscle tone. 
Muscle spindles are specialized muscle fibers within skeletal muscle that respond to 
stretch by discharging through type Ia and type II afferent fibers. The stretch reflex 
system includes the stretch receptor within the skeletal muscle spindle, and its affer- 
ent (Ia) fiber running in the posterior nerve root, and the alpha motor neurons of 
the spinal cord segment innervating a particular muscle, its synergists, and its an- 
tagonists. The Ia afferent fiber directly excites the stretched muscle, whereas the 
inhibitory Ia interneuron, modulated by descending corticospinal tracts, inhibits 
the antagonistic muscle. 

Reduction in GABA-mediated presynaptic inhibition of Ia afferents has been 
suggested as a possible contributing mechanism of spasticity. Presynaptic inhibition 
depresses the monosynaptic stretch reflex by reducing transmission in the Ia fiber 
prior to its synapse with the alpha motor neuron. Most proposed mechanisms of 
spasticity include a loss of inhibitory control, such as presynaptic inhibition, recur- 
rent (Renshaw) inhibition, reciprocal Ia inhibition (leading to abnormal coactivation 
of antagonist muscle groups), group II afferent inhibition and Golgi tendon organ 
inhibition. The exact types of inhibition lost in clinical spasticity are not clearly 
defined and most likely vary among patient populations. 


Pharmacological Treatment of Spasticity 
General 


The major oral agents used to treat spasticity are baclofen (Lioresal), benzodiaz- 
epines (diazepam-Valium), dantrolene (Dantrium) and tizanidine (Zanaflex). 
Baclofen is a GABAg agonist that produces inhibition via a bicuculline-resistant 
GABA receptor. It has a half-life of about 3 hours and crosses the blood-brain bar- 
rier poorly, requiring systemic doses of 20 to 90 mg/day (usually divided TID). Side 
effects include drowsiness, confusion and ataxia. 

The benzodiazepines appear to act at the spinal cord by enhancing the postsyn- 
aptic effects of GABA to increase presynaptic inhibition. Diazepam is the most com- 
mon benzodiazepine used for spasticity. It has a half-life of 36 hours. Typical doses 
range from 0.1 to 1 mg/kg day divided TID. Tolerance often develops, and lethargy 
is a common and undesirable side effect. Dependency may develop. Rapid with- 


drawal should be avoided. 
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Dantrolene acts site by suppressing calcium influx from the sarcoplasmic reticu- 
lum in skeletal muscle fibers, interfering with muscular contraction, and thus pro- 
ducing proportional increases in motor weakness and decreases in spasticity. 
Dantrolene has a half-life of 3 to 9 hours. The oral dose is about 12 mg/kg/day 
divided QID. Weakness is the main side effect, and dantrolene has been occasion- 
ally reported to cause severe hepatotoxicity. 

Tizanidine is an alpha-2 agonist that modulates excitatory neurotransmitter re- 
lease from interneurons and afferent terminals. Its effectiveness in adults is similar to 
baclofen’s, but has not been tested in children in clinical trials. It has a half-life of 2 
to 3 hours, and typical doses range from 8 to 24 mg/day divided QID. Side effects 
include lethargy, dizziness and hypotension. 


Local Injections 

Local treatments for spasticity utilize neuromuscular blockade to weaken mus- 
cular contractions, and thus spasticity. The agents used are botulinum toxin (Botox, 
types A to G), alcohol and phenol. Botox is injected intramuscularly and acts at the 
motor end-plate to prevent acetylcholine release, resulting in temporary muscle 
weakness (up to 4 months). Injections may be repeated as needed. Doses are depen- 
dent upon the size of the muscle group to be injected, ranging from 5 to 50 units/ 
injection site with a maximal recommended dose of 10 units/kg. Alcohol and phe- 
nol can be injected intramuscularly, intraneurally or perineurally. However, because 
pain and dysesthesias commonly result, these injections are not frequently performed. 


Surgical Procedures for the Treatment of Spasticity 

Because spasticity arises from an imbalance of excitatory and inhibitory factors 
leading to a relative deficiency in GABA in the spinal cord, surgical procedures for 
treating spasticity either (1) interrupt the stretch reflex to decrease afferent excita- 
tory input, or (2) increase the inhibitory GABA influence on the alpha motor neu- 
ron pool in the spinal cord. These procedures can be classified into central or 
peripheral, and ablative or nonablative (Tables 2 and 3). Because upper motor neu- 
ron lesions frequently result in negative symptoms such as weakness and loss of 
motor control, as well as positive symptoms such as spasticity, careful clinical evalu- 
ation and patient selection are required to maximize improvement in symptoms and 
to avoid creating new deficits or exacerbating pre-existing deficits. It is important to 
consider that spasticity itself may provide a positive functional component by sup- 
porting weak voluntary muscle contraction with involuntary spastic contractions. A 
reduction in spasticity may actually decrease functional ability. 

Anterior (motor) rhizotomies have been performed on adults for the treatment 
of both upper and lower extremity spasticity, but they result in unacceptable degrees 
of motor weakness and atrophy and are only performed on children in rare cases of 
hyperkinetic movement disorders such as hemiballismus. DREZotomy is a modifi- 
cation of selective posterior rhizotomy in which the afferent fibers are divided as 
they enter the spinal cord in the dorsal root entry zone (DREZ) in the posterolateral 
sulcus of the spinal cord. A 3-mm deep microsurgical incision is made at a 45-de- 
gree angle in the posterolateral sulcus at the spinal levels thought to be involved. 
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This destroys nociceptive and myotactic fibers, sparing the lemniscal fibers and re- 
sulting in interruption of the spinal reflex arc. 


Selective Posterior Rhizotomy 

Selective posterior rhizotomy interrupts the afferent limb of the stretch reflex 
at the posterior spinal nerve root or rootlet level. The original procedure as de- 
scribed by Foerster in 1913 involved complete division of posterior roots from L2 
to S2, sparing L4 for knee extension, but resulted in unacceptable proprioceptive 
and sensory deficits. The modern procedure involves selective division of poste- 
rior rootlets demonstrating abnormal intraoperative electromyogram (EMG) re- 
sponses to stimulation. 


Preoperative Evaluation 

Careful preoperative evaluation and patient selection is of foremost importance 
in ensuring good functional outcomes. Because selective posterior rhizotomy only 
addresses spasticity, it is indicated only for patients in whom spasticity is the major 
type of motor dysfunction. Attention is given to assessment of the patient’s muscle 
tone, range of motion, posture, gait and functional capacity. The degree of spasticity 
should be measured objectively (Table 4). It is important to confirm that the distur- 
bance in muscle tone is due to spasticity and not to weakness, dystonia or rigidity, 
which do not respond well to rhizotomy. Rhizotomy may exacerbate weakness in 
children who have undergone previous procedures such as tenotomy, tendon length- 
ening or neurectomy. The ideal candidate for rhizotomy is a spastic diplegic child 
who is able to ambulate independently with a scissoring gait, flexed hips and knees, 
and an equinus foot posture. Significant fixed contractures or weakness should not 
be present. Low-functioning, severely affected spastic quadriplegic patients may also 
benefit from rhizotomy because the procedure may also facilitate care and prevent 
progressive contractures or skeletal deformities. 


Operative Technique 

The patient is positioned prone with EMG needle electrodes placed into five 
muscle groups of each leg and the external anal sphincter muscle. Long-acting neu- 
romuscular blocking agents are avoided because intact neuromuscular activity is 
required for intraoperative EMG. An L2 to S1 laminectomy or laminotomy is per- 
formed to expose the entire cauda equina. The posterior nerve rootlets between L2 


Table 4. Ashworth spasticity scale 








Grade Description 
1 Normal Tone 
2 Slight increase in tone, a palpable “catch” in passive flexion 
or extension 
3 Moderate increase in tone, difficult passive movements 


Marked increase in tone, very difficult passive movements 
5 Rigid in extension or flexion 
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and S2 are electrically stimulated and selectively divided based on intraoperative 
EMG responses and visual/tactile observation of muscle responses. In a typical rhizo- 
tomy procedure, between 50 and 75 rootlets are stimulated and, depending on the 
degree of spasticity, between 25% and 50% are then divided. There are usually 2 to 
4 posterior rootlets at the L2 level, with an increasing number at each subsequent 
level down to S1, where there are usually between 8 and 11. The S2 root is the first 
to be smaller than the preceding root and usually contains 2 to 6 very fine rootlets. 


Postoperative Care 

The child is nursed lateral-recumbent or supine to reduce the chance of incisional 
CSF leakage. A Foley catheter is continued for several days to keep the dressing dry. 
Physical therapy for bed mobility is started at postoperative day 3, and increased to 
out-of-bed transfers and gait therapy at postoperative day 5. 


Expected Outcomes and Potential Complications 

Reduction of spasticity can be observed clinically immediately after surgery. Many 
published studies have documented decreased spasticity and improvements in 
ambulation, functional ability and balance while sitting and standing. Intelligent, 
ambulatory children with spastic diplegia who have good trunk control and no sig- 
nificant weakness generally do best. Follow-up studies demonstrate preserved 
long-term functional improvement and reduction of spasticity and acceptable com- 
plication rates. Dysesthesias and paresthesias are common in the postoperative pe- 
riod but are usually temporary and not disabling. Inadequately relieved spasticity is 
another potential complication, followed by infection, fever, cystitis and CSF leakage. 


Peripheral Neurectomies 

Similar to neuromuscular blockade, surgical division of the peripheral nerve in- 
nervating a spastic muscle weakens muscle contraction. This may provide a long-term 
reduction in spasticity, but often at the cost of undesirable side effects such as weak- 
ness, atrophy and sensory loss because the peripheral nerve contains both motor and 
sensory fibers. Nevertheless, the most common procedure performed in the upper 
extremity for spasticity is neurectomy of the musculocutaneous nerve to relieve spastic 
elbow flexion. Peripheral neurectomies in the lower limbs include the anterior obtu- 
rator neurectomy for excessive hip adduction, and tibial neurectomy for spastic calf 
muscles causing excessive ankle extension. Preoperative motor block often provides 
a good correlation with the expected postoperative result and should be performed 
prior to neurectomy. 


Chronic Intrathecal Baclofen Infusion 

Centrally-mediated side effects of baclofen, such as confusion and drowsiness, 
often limit effective oral administration. However, intrathecal administration can 
achieve higher concentrations of baclofen in the spinal subarachnoid space with less 
severe CNS side effects. Over the past decade, indwelling programmable pumps 
have been implanted for the delivery of intrathecal baclofen. There is reported 
long-term effectiveness in patients with spasticity arising from spinal-cord injury, 
hypoxic and traumatic brain injury, multiple sclerosis and CP. 
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Preoperative Evaluation 

A test dose of intrathecal baclofen by lumbar puncture is used to assess for effi- 
cacy. The typical dose is 50 ug, but may be modified based on patient size. If a 
satisfactory decrease in spasticity is observed, the placement of a permanent pump 
for continuous infusion of baclofen should be considered. When successful, the 
effect on spasticity in the lower extremities usually begins in 2 hours, peaks at 4 
hours, and returns to baseline in about 8 hours. A limitation of the test dose proce- 
dure is that although the brief effect on lower extremity spasticity can be quantified 
with a neurologoical exam, functional improvements are difficult to quantify with- 
out actual engagement in everyday motor tasks. 


Operative Technique 

The pump and reservoir are placed in a subcutaneous pocket above the rectus 
fascia in the lower abdomen, and the catheter is tunneled subcutaneously to the 
lumbar spine and introduced into the lumbar subarachnoid space. For the relief of 
upper extremity spasticity, the catheter may be directed more cephalad to the 
midthoracic level. Two pump sizes are available: the standard pump with an 18 cc 
reservoir, and a smaller pump with a 10 cc reservoir (for smaller children, i.e., less 
than 18 kg). Pump battery life is roughly 5 years and the rate of infusion or concen- 
tration of baclofen can be easily adjusted when the pump reservoir is accessed percu- 
taneously for refills. 


Expected Outcomes and Potential Complications 

Complication rates vary in reported series, but catheter-related problems and 
side effects from baclofen toxicity are common. In one large series there was a 
29% re-operation rate (19 procedures in 15 of 66 patients), mainly for 
catheter-related problems such as occlusions, fractures, punctures and displace- 
ment. Other complications include side effects from intrathecal baclofen such as 
hypotonia, urinary retention, worsened constipation, nausea and drowsiness. Symp- 
tomatic respiratory compromise has been reported at a rate of approximately 10%, 
and coma is rare. 

Advantages of intrathecal baclofen include the reversible, nonablative nature of 
the procedure, highly effective reductions in lower extremity spasticity, and improve- 
ments in overall function. Disadvantages include the costly nature of pump refills, 
pump replacements for battery failure, and the high complication rate of the system. 
Sudden withdrawal of high-dose intrathecal baclofen in the setting of mechanical 
pump or catheter failure can be dangerous, sometimes necessitating temporary lum- 
bar subarachnoid catheter infusions of baclofen until the pump system can be re- 
vised. Severe overdoses are treated by giving ventilatory support, stopping the pump, 
and draining of 30 to 50 cc of CSF to clear the baclofen. 


Central Procedures for Spasticity 


Implanted Stimulators 
Early reports of success with chronic electrical stimulation of the cerebellum in 
an attempt to modify cerebellar outflow and increase inhibitory influences on the 
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anterior horn motor neuron have not been substantiated. Reports of epidural dorsal 
spinal cord stimulation applied to spasticity patients have described variable results. 


Stereotactic Procedures 

Stereotactic lesions in the cerebellum that interrupt outflow from the dentate 
nucleus may result in diminished muscle tone by reducing the unbalanced excita- 
tory influences on the anterior horn cells. Published series are conflicting, with 
the consensus opinion favoring cerebellar nuclei-lesioning procedures for hyper- 
kinetic disorders such as athetosis, chorea, tremor and ballismus rather than spas- 
ticity treatment. 


Dystonia 
Classification 


Dystonias are defined as syndromes of sustained muscle contractions, usu- 
ally agonists and antagonists, leading to twisting, repetitive movements, or ab- 
normal postures. They can be grouped into primary dystonias, dystonia-plus 
syndromes, heredodegenerative dystonias, and secondary forms. The classifica- 
tion scheme is important for defining the cause of the dystonia (i.e., genetic vs. 
pharmacologically-induced), and potentially for prognostic reasons. 

Primary dystonias are those in which dystonia is the only phenotypic manifesta- 
tion (except that tremor may be present as well), and for which no environmental 
agent or prior insult appears responsible. These include hereditary dystonias such as 
early limb-onset (Oppenheim’s) dystonia, which is associated with a 3-base-pair de- 
letion in the DYT1 gene, which maps to chromosome 9q34. The DYT 6 and DYT 
7 genes are also associated with familial dystonias. 

Dystonia-plus syndromes are those with manifestations of dystonia and other move- 
ment disorders (such as dystonia with parkinsonism, or dystonia with myoclonus). 

Neurodegenerative diseases that produce dystonia among their manifestations 
are classified as heredodegenerative dystonias. Genetic disorders such as spinocer- 
ebellar degeneration or Wilson’s disease fall into this classification scheme when 
dystonia is a component of their symptomatology. 

Secondary dystonias are those that develop as a result of environmental insults to 
the nervous system. These can include perinatal cerebral injuries, focal or diffuse 
craniocerebral, spinal cord, or peripheral nerve lesions from trauma or other causes, 
pharmacologically- or toxicologically-induced dystonia, such as those related to 
dopamine D2 receptor blocking actions, ergotism, or levodopa-induced dystonia. 


General Principles of Treatment 

Pharmacological treatments for dystonia currently include levodopa, benzodiaz- 
epines, dopamine antagonists, baclofen, muscle relaxants, and, for focal dystonias, 
botulinum toxin injections into the affected muscles. Botulinum toxin therapy gen- 
erally requires repetition every few months, and some patients develop antibodies to 
the toxin, rendering the treatment ineffective. 

Because most forms of dystonia, with the exception of dopa-responsive 
dystonias, respond poorly to medical therapy, a number of surgical therapies have 








186 Pediatric Neurosurgery 











arisen. These can be grouped as peripheral or central approaches to treatment. 
Peripheral surgical therapies include sectioning of affected muscles, or sectioning 
of the nerves to affected muscles. Most commonly, this involves division of the 
accessory nerve for spasmotic torticollis. 

Central approaches include lesioning or stimulation of regions of the CNS in- 
volved in the higher-order processing of motor output. As with most movement 
disorders, the optimal CNS target for the surgical treatment of dystonia remains 
controversial. Some benefit has been demonstrated with lesioning of either the ven- 
trolateral thalamus (Hassler’s ventralis intermedius (Vim)) or the posteroventral glo- 
bus pallidus interna (GPi). Deep brain stimulation with leads placed in the GPi or 
the subthalamic nucleus (STN) has also shown some success in early reports. 
MR-based targeting is often used to localize these targets. 


Thalamotomy and GPi Pallidotomy 


The creation of lesions in either the GPi or in the Vim nucleus of the thalamus 
entails the same technical approach. The standard target coordinates are modified 
based on direct targeting to the MRI. A guide tube is introduced through a burr 
hole at the coronal suture, with the entry point chosen so as to approximate the 
parasaggittal plane with respect to the target, and to avoid the ventricle. A micro- 
electrode is advanced through the guide tube, and the depths are recorded at which 
the electrophysiological signatures characteristic of the cells of the relevant nuclei 
are found. This map is then superimposed on a scaled atlas of the basal ganglia, and 
used to confirm the site prior to placement of the lesion. 

The lesion is generated using a radiofrequency lesion generator. The resulting 
current produces thermal coagulation of tissue in regions that fall within the 45°C 
isotherm. Unpredictable factors such as tissue inhomogeneities and proximity to 
bone or the ventricular system can produce variations in lesion size and geometry. 
For this reason the procedures are performed in awake patients whose sensory, mo- 
tor and visual functions are tested during the procedure. 


Deep Brain Stimulation 

The techniques employed for deep brain stimulation of the GPi, STN, or Vim 
are similar to those used for lesioning. Once the target is identified, a lead with 4 
distal contacts is placed. The electrode is attached to a temporary pulse generator, 
and stimulation is performed using voltages from 0 to 10 microvolts, pulse widths 
of 90 microseconds, and frequencies of 180 Hz, while the patient is tested for mo- 
tor, sensory, or visual phenomena. The adequacy of the lead position is based upon 
the results of macrostimulation (Table 5). 

When an adequate lead position has been confirmed, the leads are tunnelled 
subcutaneously to and connected to the pulse generator, which is placed in a subcu- 
taneous pocket below the ipsilateral clavicle and above the clavipectoral fascia. The 
pulse generator is activated transcutaneously 1 to 6 weeks following the procedure, 
using a handheld magnetic probe. During any changes in stimulation parameters, 
careful attention is paid to the patients motor, sensory and visual responses. Com- 
monly used stimulation parameters are provided in Table 6. 
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Table 5. Effects of microelectrode stimulation in vicinity of DBS targets 





Side Effect 


Likely Position of Contact 





Subthalamic Nucleus 


Globus Pallidus Interna 


Low-voltage persistent 
paresthesias 

Low-voltage dysarthria 

Low-voltage tonic 
contractions 

Low-voltage diplopia 

Dyskinesia 

Depression 

No effect at high voltage 


Low-voltage dysarthria 

Low-voltage tonic 
contractions 

Visual phenomenon at 
any voltage 

No effect at high voltage 


Too posterior or medial 


Too lateral 
Too lateral 


Too anteromedial 

Just right 

Too inferior 

Too Superior or anterior 


Too posteromedial 
Too posteromedial 


Close to optic tract 


Too superior, anterior, or 


lateral 





Table 6. Common DBS pulse generator settings 








Variable Common Settings (bipolar stimulation) 
Voltage 3.5V (GPi), 2.0-3.0V (STN) 

Pulse Width 90 ms (GPi), 60ms (STN) 

Frequency 185 Hz (both targets) 





Seizure Disorders in Children 


Febrile Seizures 

Children between the ages of 3 months and 5 years have a lower seizure thresh- 
old and are susceptible to febrile seizures. Up to 5% of children in the U.S. 
experience a febrile seizure by their fifth birthday. A simple febrile seizure does 
not require workup with special blood tests, imaging studies, lumbar puncture 
(unless other signs and symptoms of meningitis are present), or an electroen- 
cephalogram (EEG). Children who experience a complex febrile seizure and have 
a family history of epilepsy or developmental delay appear to have a higher risk 
of developing afebrile seizures. Recurrent febrile seizures are more likely in pa- 
tients who had their first febrile seizure at a young age, a relatively low fever at 
time of presentation with first seizure, a history of febrile seizures in a first-degree 
relative, or a brief duration between fever onset and initial seizure. An initial 
simple febrile seizure does not require treatment (except perhaps antipyretics and 
treatment of the source of the fever), while other types of febrile seizures require 
weighing the risk of further seizures against the risk of side effects from 
anticonvulsants. 
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Table 7. General classification of seizure type 








Type Subtypes 
Partial (Focal) Simple 
Complex 


Partial seizures secondarily generalized 


Generalized Absence 
Tonic/Clonic 
Myoclonic 
Atonic 
Unclassified 





Simple febrile seizures, which are generalized and last less than 15 minutes, should 
be distinguished from complex events, which are prolonged, occur more than once 
in 24 hours, or are focal. Although an abnormally high proportion of adults with 
temporal lobe epilepsy have a history of febrile seizures, it is not clear whether subtle 
structural abnormailities in these patients produced a lower seizure threshold during 
childhood, or whether the febrile seizures were responsible for the development of 
the seizure foci. 


Seizure Classification 

Seizures are classified according to the scheme of the International League Against 
Epilepsy (ILAE, Table 7). Symptomatological, electrophysiological and imaging find- 
ings are needed to accurately classify epileptic events. Classification of seizure type 
should not be confused with identification of a seizure focus, although these two 
exercises overlap to some degree. Determination of the seizure focus is requisite 
before deciding upon definitive therapies. The identification of a seizure focus also 
requires detailed knowledge of the symptoms, electrophysiological findings, and the 
results of imaging studies. In the current era, this often includes computed tomog- 
raphy (CT), magnetic resonance imaging (MRI), positron emission tomography 
(PET) and single photon emission computed tomography (SPECT). 


Partial Seizures 

Partial seizures are those that arise from a focal region of the cortex. They are 
simple partial seizures if the discharges elicit disturbance of sensory or motor symp- 
toms without causing an alteration in consciousness. The symptoms that accom- 
pany a seizure provide clues about the location of the focus. Children with simple 
partial seizures in whom no lesion is identified are often not appropriate candidates 
for resective surgery. Benign Epilepsy of Childhood with Rolandic Spikes, also called 
Benign Rolandic Epilepsy, is an entity seen among children from 0 to 15 years old. 
This entity is important to recognize as it responds well to pharmacological thera- 
pies and seizures recede in all patients by age 15. 
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Complex Partial Seizures 

Complex partial seizures are those that produce some alteration of conscious- 
ness, such as visual or auditory hallucinations, a sense of deja vu, or some impair- 
ment of contact with the outside world. The most frequent cause of such seizures is 
mesial temporal sclerosis. 


Generalized Seizures 

Generalized seizures arise diffusely from the cerebral cortex. For making thera- 
peutic decisions, it is critical to distinguish between primary generalized seizures, 
and focal seizures with secondary generalization. In the latter case, removal or dis- 
connection of an isolated focus may prevent generalization. 


Pharmacological Treatment 

Pharmacological therapy depends very much on the classification of seizure type. 
Seizure type may predict both the likelihood of improvement and the risk of clinical 
deterioration in response to a given anticonvulsant. (An outline of the individual 
agents, their mechanism of action, common dosages, common therapeutic levels, 
oral absorption, metabolism, selected common side effects and selected interactions 
with other anti-epileptic drugs is given in Table 8.) The general principles of phar- 
macotherapy are to begin with a single agent (monotherapy), increase the dose to 
the maximum tolerable if seizures are refractory, and when maximized on 
monotherapy, begin to add-on. Follow the maxim “start low, go slow.” Certain sei- 
zure types respond to specific medications (Table 9). 


Surgical Treatment of Seizure Disorders 

In general, imaging studies are used to determine if a structural lesion (i.e., brain 
tumor, vascular malformation, or developmental anomaly) is present. If a lesion is 
identified and seizures can be observed on EEG arising from the same geographic 
location, the seizures are designated as ‘lesional’ and surgery should be performed. 
These patients have a high likelihood of improvement in their seizures. For those 
patients in whom no lesion can be identified, surgical procedures are classified into 
three categories: ablative, disconnection and neurostimulation. 


Ablative/Resective 


Hemispherectomy 

A variety of hemispherectomy procedures have been developed, but the selection 
criteria are virtually the same: a hemiplegic patient with intractable seizures arising 
from the damaged hemisphere. This clinical picture is seen with Rasmussen's en- 
cephalitis, infantile hemiplegia seizure syndrome and Sturge-Weber syndrome. In- 
jection of intracarotid amytal into the affected hemisphere with cessation of ictal or 
interictal spike activity provides preoperative evidence that seizure activity is con- 
fined to that hemisphere. Several types of hemispherectomies have been described. 
The classic, or anatomical, hemispherectomy involves a wide craniotomy (often per- 
formed using an osteoplastic flap) and dural opening, with the following steps: 
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1. Ligation of the middle, anterior and posterior cerebral arteries. The middle 
cerebral artery is exposed subfrontally and through the Sylvian fissure and 
clipped distal to the origin of deep perforating arteries. The olfactory tract 
is divided. The anterior cerebral artery is ligated via an interhemispheric 
exposure just distal to the genu of the corpus callosum. The temporal lobe 
is elevated and the posterior cerebral artery is ligated where it crosses the 
tentorium and passes onto the medial surface of the occipital lobe. 

2. The lateral ventricle is entered through the interhemispheric fissure and 
the corpus callosum. Dissection is performed through the angle made by 
the corpus callosum and the lateral ventricle. The circular sulcus of the 
insula is reached laterally. As much of the anterior to posterior extent of 
the circular sulcus of the insula as possible is dissected in this manner. 

3. The trigone of the lateral ventricle is entered posteriorly through the in- 
terhemispheric fissure by incising the lingual gyrus and underlying white 
matter. The collateral eminance is incised through the floor of the tempo- 
ral horn. This incision meets the collateral sulcus as it is carried inferiorly. 
This maneuver is carried anteriorly until the temporal pole is reached. 

4, The bulk of the hemisphere remains attached to the subcortical regions 
only along the mesial and inferior regions of the frontal lobe. These re- 
gions are carefully separated with subpial dissection using a suction and 
bipolar cautery. 

5. Finally, the remaining medial temporal structures, the hippocampus and 
the amygdala are removed. 

Late complications from anatomic hemispherectomy include superficial cere- 
bral siderosis and a high rate of subdural hemorrhage into the created space. Subse- 
quent long-term outcome studies have suggested that classic hemispherectomy may 
be performed with a late complication rate much lower than previously described 
when meticulous hemostasis is achieved and the surgical cavity is drained for several 
days postoperatively. 

The modified functional hemispherectomy involves division of the posterior fron- 
tal and anterior parietal lobes with their opercula, the insular cortex and the anterior 
temporal lobe. This leaves the anterior frontal lobe and the occipital lobe with an 
intact blood supply, but with all projection fibers to the brainstem and spinal cord 
divided. A corpus callosotomy divides the remaining commisural. It is believed that 
the reduced volume of space also reduces the rate of hemorrhage. Other modifica- 
tions include hemidecortication and peri-insular hemispherotomy. 


Temporal Lobectomy 

Traditionally, temporal lobectomy has been withheld until patients have reached 
their late teens or early 20s. However, evidence exists showing that deferral of sur- 
gery subjects a child to possible intellectual deterioration and behavioral distur- 
bance. Children operated on after puberty demonstrate reduced rates of good 
outcomes. In general, patients with complex partial seizures, characteristic imaging 
findings of hippocampal sclerosis, and appropriate EEG findings have an excellent 
chance of seizure control (greater than 90%) following temporal lobectomy. 
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Table 9. Current drugs of choice for selected seizure disorders 








Seizure Type Antiepileptic Drug of Choice 

Partial and partial with PHT, CBZ, OXC, LEV, VPA, PR, PH, TPM, 
secondary generalized convulsive LTG, GBP TGB, ZNS, FBM' 

Primary generalized convulsive PHT, VPA, PR, PB, TPM, LTG, GBP TGB, 

FBM'! 

Absence ESM?, VPA, LTG 

Myoclonic VPA, TPM 

Drop attacks (atonic) LTG, TPM, VPA, FBM! 

Rolandic seizures PHT, CBZ, GBP 

Infantile spasms ACTH, VPA, TGB, TPM 

Lennox Gastaut syndrome VPA, TPM, LTG, FBM! 





' Frequent monitoring CBC re: aplastic anemia and liver function tests re: hepatic 
function. 

? Should generalized tonic-clonic seizures develop, change to VPA monotherapy, or 
add AED for GTC to ESM. 


ACTH — Corticotropin PB Phenobarbital 
CBZ Carbamazepine PHT Phenytoin 
ESM Ethosuximide PR Primidone 
FBM Felbamate TGB Tiagabine 
GBP Gabapentin TPM Topiramate 
LEV Levtiracetam VPA Valproate 
LTG Lamotrogine ZNS Zonisamide 


OXC Oxcarbazepine 


Focal (Extratemporal) Resections 

In children, a common cause of intractable seizures is cortical dysplasia, which in 
some cases is impossible to detect on conventional imaging studies. The exact bound- 
aries of the area of cortical dysplasia are often ill-defined by inspection in the oper- 
ating room. Therefore, preoperative and intraoperative electrophysiological studies 
are essential for defining the area to be resected. Extended recordings with external- 
ized subdural grids is sometimes required. This is particularly important in children 
who tend to have neocortical-based epilepsy. Spike-wave activity may be less valu- 
able than attenuation of beta- or fast-wave activity and the presence of delta- or 
slow-wave activity. 


Considerations of Cortical Function 

Ablative or resective procedures must take into account the essential functions 
of the involved cortex (eloquence). The functional anatomy can be defined using 
techniques such as functional MRI, magnetic source imaging, intraoperative 
somatosensory-evoked potential monitoring, or electrical stimulation mapping. 
Electrical stimulation mapping represents the most reliable method for establish- 
ing the precise location of sensory, motor and language areas. Intraoperative stimu- 
lation mapping of speech, which requires an awake patient, is rarely undertaken 
in children younger than age 10, because of difficulty with cooperation. 
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There are substantial changes in CNS structure and function with age. Cortical 
synaptic densities and cerebral metabolic rates of glucose metabolism have been shown 
to rise in infancy, peak early in the first decade, and then decline to adult levels by the 
end of the second decade of life. The white matter tracts in corticospinal and frontal 
regions undergo progressive myelination through age 17. Whether the plasticity seen 
in this age range has any significance with respect to language representation in chil- 
dren is unknown. Cortical plasticity is thought to produce reorganization of lan- 
guage function in response to both pathological conditions (i.e., seizure foci) and to 
surgical lesions. Such plasticity is poorly understood and it is difficult to predict 
whether a lesion has caused displacement of function, or whether a functional region 
will “relocate” if resection is performed at an early age. Certain patients undergoing 
dominant hemispherectomy have reacquired both speech and contralateral motor 
function. These patients have generally undergone hemispherectomy before age 5. 


Disconnective Procedures 


Multiple Subpial Transections 

Morell and colleagues postulated that control of epileptogenic foci detected within 
the eloquent functional cortex, such as the sensorimotor or speech areas, may be 
achieved by interrupting horizontal connections while leaving vertical columns in- 
tact. The technique depends on electrocorticography for precise localization of the 
epileptiform cortex. A right-angled stainless steel hook (known as a transector) is 
passed through the pia at right angle to the sulci. It is passed deeply under the gyrus 
and then brought superficially to the pial surface and withdrawn. This procedure 
can be repeated at 5 mm intervals along the involved gyrus. 


Corpus Callosotomy 

Three commissures carry the majority of fibers between the cerebral hemispheres: 
the corpus callosum, the anterior commissure and the hippocampal commisure. 
The corpus callosum is the largest of these, and its fibers mainly connect homotopic 
areas of cortex. Some evidence exists that seizure foci can become more active fol- 
lowing corpus callosotomy, and it is principally employed to limit the spread of 
seizures that propagate through the corpus callosum, rather than decreasing seizure 
frequency. These include many types of secondarily generalized seizures, of which 
atonic “drop attacks” seem particularly improved following callosotomy. 

The procedure is performed with the head positioned either perpendicular or 
parallel to the floor. One advantage of the latter position is that it permits the de- 
pendent hemisphere to sag from to gravity, improving exposure without retraction. 
Surgical concerns include avoiding injury to the superior saggital sinus, preserving 
bridging veins from the hemisphere and identification of the pericallosal arteries. 
(An MRI or angiogram may be helpful in planning the bone flap relative to any 
bridging veins.) Division is often limited to the anterior two-thirds of the corpus 
callosum. Limited callosotomy may reduce the risk of severe neuropsychological 
sequelae. If seizure control is insufficient with a limited callosotomy, a second proce- 
dure for completion may be required. In children with severe developmental delay, 
a total callosotomy should be considered as the initial procedure. 
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Table 10. A summary of vagal nerve stimulation (VNS) trials 





Study Subjects and Study Design 
EO1/EO2 N=14, Single-blinded 


Findings 





Median 28.2% reduction in 
seizure frequency 


Median 24.5% decrease in seizure 
frequency in high frequency 
group, 6.1% decrease in 
low-frequency group 


EO3 Patients >12years; >6 seizures/ 
month; 1-3 AEDs 
N=114; randomized to high or 
low frequency stimulation 


EO4 Patients >2 years; all seizure types 21% median reduction in seizure 
N=116; open label frequency. 29% of patients had 
non-randomized >50% reduction in seizure frequency 


EO5 Patients >12 years; >6 
seizures/month; 1-3 AEDs 
N=198; same design as EO3 


Median 27.9% decrease in seizure 
frequency in high-frequency group, 
15.2% reduction in low-frequency 


group 





Stimulatory Procedures 

Vagal nerve stimulation (VNS) was introduced in 1985. A number of random- 
ized controlled trials, summarized in Table 10, have been performed. VNS was ap- 
proved by the FDA in 1997 for patients older than 12 years of age with partial 
seizures refractory to medication. A number of investigational uses are under study, 
including VNS for generalized seizure onset, multiple foci, nonlocalized foci, or foci 
in eloquent cortex. 


Surgical Technique 

Because the right vagus nerve innervates the sinoatrial node, the left vagus is 
chosen for stimulation. A transverse incision is made midway between the mastoid 
process and the clavicle. The carotid sheath is opened, and the vagus nerve is identi- 
fied between the carotid artery and the jugular vein. The nerve is gently mobilized 
and two flexible electrodes are placed around the vagus nerve. A subcutaneous pocket 
is created inferior to the clavicle for placement of the pulse generator. The leads are 
tunneled from the cervical to the pectoral incision, and connected to the generator. 
The pulse generator is tested prior to closure. 


Stimulation Parameters 

Depending on the settings, the pulse generator has approximately 3 to 5 years of 
battery life. The stimulation criteria are programmed and can be changed (Table 
11). Optimal settings vary from patient to patient, and depend on side effects and 
seizure control. Output current should be started at small levels (0.25mA) and 
increased gradually, as each increase generally produces unpleasant symptoms, such 
as neck or jaw pain, coughing, tightness in the throat, or alteration of voice. These 
symptoms rapidly subside after 2 or 3 cycles at low levels of current. The threshold 
for determining stimulation current is often selected as that current at or just below 
which persistent symptoms occur. It should be noted that good responses can be 
delayed for up to 12 to 18 months in some cases. 
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Table 11. Common VNS pulse generator settings 





Variable Common Setting 





Duty cycle Typically programmed to 30-second stimulation, then 5 
minutes off. Can use a more rapid duty cycle (7 seconds on, 
21 seconds off) 


Output current —1.5-2.5 milliamps. Can go up to 3.5mA 
Pulse width 500 microseconds 





Conclusions 

Currently, the most commonly performed neurosurgical procedures for the treat- 
ment of spasticity are selective dorsal rhizotomy and the placement of programmable 
pumps for chronic intrathecal baclofen infusion. Successful clinical outcomes are 
possible with careful patient selection and close cooperation between the surgeon, 
pediatrician and physical and occupational therapists. The goal is improvement in 
function or comfort, or reduction in pain or the development of contractures. Cau- 
tion and precise technique are paramount, particularly with ablative procedures, be- 
cause of the potential for creating new or exacerbating existing neurological deficits. 

Because of developmental issues, early and aggressive control of seizure disorders is 
warranted in children. Intellectual, psychosocial and behavioral development is hin- 
dered while seizure disorders persist. During adolescence, seizure disorders have pro- 
found social implications, particularly on issues related to employment and drivers’ 
licenses. These issues are best managed through proper classification and localization 
of seizure foci, and through knowledge of all available medical and surgical options. 
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Anesthetic Considerations 
in Pediatric Neurosurgery 


Aisling Conran 


Introduction 

Children undergoing neurosurgery present a special challenge for the pediatric 
anesthesiologist and a number of issues need to be considered at all times. These 
patients often have central nervous system pathology with attendant concerns re- 
garding raised intracranial pressure (ICP). Infants may respond to stress with brady- 
cardia, have poor metabolic control, and their large surface-to-mass ratio makes 
them susceptible to heat loss. Prematurity, with its comorbid problems, is a particu- 
lar anesthetic concern. Positioning pediatric patitents must be performed carefully. 
Emotional and intellectual development of the child must be considered when plan- 
ning the anesthetic, especially induction, and in the performance of the anesthetic. 
Parental concerns, anxieties and consents must be addressed. 


Preoperative Evaluation 


Information Required 

1. History 

2. Physical exam. Focus on airway, cardiovascular, respiratory and neuro- 
logical systems. 

3. Assess for associated congenital anomalies. Ifany cardiac anomalies present, 
obtain an electrocardiogram (EKG) and an echo study. 

4. Prematurity. If born before delivery date, obtain additional history. 
a. Apnea and bradycardia. If present, treat with caffeine or theophylline. 
b. Retinopathy of prematurity. Avoid hyperoxia and employ oxygen level 

to maintain O, saturation between 93 and 95%. 

c. Immature metabolic control: 

i. Glucose. Maintain 2.5% Dextrose in lactated Ringer's solution 
(D,5LR) or normal saline for maintenance of fluids intraopera- 
tively and while patient is NPO. 

ii. Calcium. Monitor carefully. 

iii. Temperature. Infants and children are at high risk for heat loss 
because of their large surface to mass ratio. 

5. Assess whether the ICP is raised. 
a. Signs and symptoms of raised ICP in an awake patient include nausea 
and vomiting, headache, lethargy, irritability in infants and focal neu- 
rological deficits. 
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b. Imaging studies such as a brain computed tomography (CT) scan may 
demonstrate cerebral edema, mass effect and/or midline shift. 
c. Inapatient with an ICP monitor, the cerebral perfusion pressure (CPP) 


can be directly calculated (CPP = MAP-ICP). 


Latex Precautions 

Latex precautions are employed routinely with children who have spina bifida. 
Some physcians take similar precautions when treating children who may undergo 
repeat surgical procedures, such as placement and revision of cerebrospinal fluid (CSF) 
shunts. These children are suceptible to developing a latex allergy because of repeated 
exposure to latex products in the operating rooms (OR), as well as repeated bladder 
catheratizations, required ifa neurogenic bladder is present. Several steps can be taken 
to reduce exposure to latex, which is ubiquitous in the hospital environment: 

1. Schedule as the first case of the day. This decreases exposure to powder 
from latex gloves that were removed by OR personnel in the previous 
cases. 

2. Accurate allergy history is important. Specifics include previous anaphy- 
laxis during surgical procedures, allergic reactions during dental proce- 
dures and allergic reactions to ballons. Other potential patients who may 
harbor a latex allergy are healthcare workers (occupational exposure), and 
those with a history of anaphylaxis of unknown cause, or atopy (asthma, 
allergic rhinitis, or atopic dermatitis) . 

3. Post signs on OR door and patient’s bed which state “Latex Precautions/ 
Allergy”. 

4, Change anesthesia equipment. Many hospitals now have a latex-free cart 
and protocol to ensure that latex-free products are easily identifiable. Most 
medical products are now labeled regarding any latex content; ifnot speci- 
fied the manufactuer should be contacted. A list of equipment that may 
contain latex is provided in Table 1. 


Induction 

Induction is the process of putting a patient “to sleep.” A general anesthetic is 
usually administered one of two ways: either with intravenous agents or with an 
inhalation agent via a mask. Patients with raised ICP can be nauseated and may be 
vomiting. In addition neonates may have congenital anomalies such as bowel atresia 
that puts them at risk for emesis during intubation and subsequent aspiration. Nau- 
sea and vomiting are indications for a rapid sequence induction and a rapid intuba- 
tion (see below). 


Preparation 

In emergency cases or in hospitalized patients, an intravenous line may be in place 
and will facilitate induction. However, during elective surgical procedures in infants 
and children, an IV is usually not placed and the child will often go to sleep with a 
mask induction. Infants and young children under 18 months of age are frequently 
transported directly to the OR and undergo a mask induction. Children older than 18 
months will likely have separation anxiety upon leaving their parents. If this is not 
treated with the appropriate premedication, all parties concerned, from the child to 
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Table 1. Potential sources of latex in the operating room 





Latex-Containing Equipment Latex-Free Options 





Bag on anesthesia circuit (gray). Bag on anesthesia circuit (green). 


Bladder and black tubing of BP cuff. Wrap tubing and patient’s arm with 
gauze, or use a latex-free BP cuff with 


white tubing. 

Gloves (sterile and unsterile). Latex-free gloves. 

Tourniquets used to place IV. White latex-free tourniquet. 

Clip or neonatal pulse oximeter probe. Plastic pulse oximeter probe (w/ 
balloons). 

Syringes (seal). Latex-free syringes. 

Stethoscope tubing. Plastic stethoscope. 

Band aids. Gauze with latex-free tape. 

Rubber caps on medication vials. Use medications in glass vials or remove 


rubber seal to avoid piercing rubber 
stopper with needle. 


Head strap for mask fit. Avoid use. 

Rubber ports—IV tubing/buretrol Tape over injection ports, inject via stop 
diaphragm. cocks only, or use adult IV tubing. 
Nasopharyngeal airways. Plastic nasopharyngeal airways. 

Tape. Latex-free tape. 

Pacifiers. 





the parents and the medical staff, will be faced with a distressed child, which greatly 
increases the diffiiculties during future procedures. In neurosurgical patients, premedi- 
cation needs to be considered in the setting of increased ICP since drugs which de- 
crease anxiety or treat pain may result in hypoventilation, increased PCO), increased 
cerebral blood flow and potentially an increase in ICP. In the patient with elevated 
intracranial pressure who is lethargic, placement of an IV is often easily achieved with- 
out the need for medication. 


Premedication 

Two common methods of premedication include oral medications or intramus- 
cular injections. The goal is to decrease both the patient’s and parents’ anxiety, as well 
as induce anesthesia in a safe manner. The parents’ anxiety is often visibly decreased 
when they observe that their child is calm, happy and/or asleep after premedication. 
The potential rise in ICP due to premedication needs to be balanced with the disad- 
vantages of a rough mask induction of an uncooperative and scared child. A success- 
ful mask induction, with or without premedication, involves establishing a rapport 
with the patient, although premedication will often increase their acceptance of the 
mask. Occasionally, an older child will request an IV and in these cases EMLA cream, 
a paste of local anesthetics, may be placed on the skin overlying a suitable vein, 
producing numbness of that area. Certainly, an [V may be placed in the child who is 
a preadolscent or a teenager, provided skilled personnel are available. 
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Table 2. Age appropriate vital signs 








Age Heart Rate Systolic BP Respiratory Rate 
(/min) (mm Hg) (/min) 
Preterm 120-180 40-60 55-60 
Newborn 95-145 50-70 35-40 
6 mos 110-180 60-110 25-30 
1-2 yrs 100-160 65-115 20-24 
2-3 yrs 90-150 75-125 16-22 
3-5 yrs 65-135 80-120 14-20 
5 — 8 yrs 70-115 92-120 12-20 
9-12 yrs 55-110 92-130 12-20 
12-14 yrs 55-105 100-140 10-14 





Used with permission from Preoperative evaluation. In: Charlotte Bell, ed. The 
Pediatric Handbook. 2nd ed. St. Louis: Mosby, 1997:11. 


Induction Agents 

A judicious choice of induction agents is required for the neurosurgical patient. 
Ketamine (1-3mg/kg) may result in raised ICP, although this may be blunted by 
early hyperventilation. Propofol (1-2mg/kg) and thiopental (3-5mg/kg) in the usual 
doses may result in hypotension, particularly in the hypovolemic patient (see Table 
2 for normal values). 

Etomidate (0.2- 0.3 mg/kg) maintains stable hemodynamics without adversely 
affecting ICP, and is the sedative/hypnotic of choice in a trauma patient with a 
suspected head injury. Following the administration of the sedative/hypnotic, either 
succinylcholine (1-2mg/kg) or rocuroniun (1-1.2 mg/kg) is recommended to facili- 
tate rapid intubation. Succinylcholine can raise ICP, an effect blunted by a 
defasciculating dose of a nondepolarizing muscle relaxant. The clear advantage of 
succinylcholine remains its extremely short duration of action, a pharmacokinetic 
property unavailable in a nondepolarizing agent. There are many absolute and rela- 
tive contraindications for the use of succinylcholine, but its utility in the rapid ac- 
quisition of an airway in an emergent situation makes it the current standard. In a 
patient with evidence of a previous stroke or an evolving neurological deficit, the use 
of succinylcholine can result in hyperkalemia (Table 3). 


Rapid Sequence Induction 

A rapid sequence induction technique consists of preoxygenation, and the admin- 
istration of intravenous sedatives and paralytic agents, during which cricoid pressure is 
applied and endotracheal intubation is accomplished. A modified rapid sequence tech- 
nique may be helpful in a combative, uncooperative child who will not accept 
preoxygenation. In the modified technique, gentle mask ventilation is delivered in the 
presence of cricoid pressure. Cricoid pressure is applied by pushing the circular cricoid 
cartilage, the only circumferential cartilage in the trachea, aginst the esophagus. The 
aim of this maneuver is to prevent stomach contents from entering the airway by 
obstructing its path to the pharynx. When effective preoxygenation has not been 
achieved, a modified rapid sequence intubation technique avoids oxygen desaturation. 
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Intubation 

Prior to intubation, the ability to mask ventilate is of utmost importance in all 
patients. In patients who may be potentially difficult to intubate, this is especially 
crucial since adequate mask ventilation ensures adequate oxygenation and venti- 
lation while the intubation technique is modified (i.e., a different blade, better 
positioning or a more experienced anesthesiologist). In the worst case scenario, 
the child can be woken up and the procedure terminated. In children and infants 
the ability to effectively preoxygenate, by filling the lungs with 100% oxygen for 5 
minutes prior to induction, is sometimes limited by the in ability of the patient to 
cooperate. Infants may be irritable and children may be too anxious to cooperate 
with the anesthesiologist. 


Equipment 

Intubation in the pediatric neurosurgical patient is fraught with potential pit- 
falls. A very large head relative to the body size, as seen in congenital hydrocephalus, 
will greatly increase the difficulty of laryngoscopy and tracheal intubation. Facial 
anomalies seen in patients with craniosynostosis syndromes and abnormalities such 
as cleft lip/palate, Pierre Robin syndrome, Treacher-Collins syndrome and others, 
may result in problematic airway management. 

The selection of an age-appropriate endotracheal tube (ETT) and laryngoscopy 
blade is critical (Table 4). The age-appropriate ETT size can be approximated by a 
formula: (age / 4) + 4. For infants less than 1 year old, the size is determined by their 
age: 3.5 ETT fora full term infant, smaller for a premature infant. Each ETT must 
be checked for fit when it is placed. An ETT that is too tight can cause tracheal 
edema, leading to airway problems in the postoperative period. A loose ETT with a 
large leak will interfere with the ability to appropriately ventilate the patient, par- 
ticularly when hyperventilation with regard to ICP may be important. 

In trained hands, the use of a Macintosh (MAC) or curved blade can help keep 
a child or infant’s relatively large tongue out of the way and allow for an unob- 
structed view of the vocal cords. The positioning for a curved blade may not require 
a shoulder roll and this may decrease the chances of obtaining a good view of the 
vocal cords. A fiberoptic intubation is an option for a skilled pediatric anesthetist 
familiar with this technique. 


Table 4. Choice of laryngoscopy blade in children of various ages 








Age of Child Laryngoscopy Blade 
Premature infant to neonate Miller 0 

Infant to age 1 1/2 yrs old Miller 1 

1 1/2 yrs—4 yrs old Whishipple 1 1/2 
4-5 yrs old MAC 2 

5-12 yrs old Miller 2 


>12 yrs old MAC 3 
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Positioning 

Proper positioning of the patient is essential. Normal infants have a relatively 
large occiput with respect to their body and may require a towel roll placed under 
the shoulders to facillitate a view of the vocal cords with a straight blade, e.g., a 
Miller 1. In a child with a particularly large head, the entire torso may need to be 
elevated with a support in order to allow a view of the larynx on laryngoscopy. The 
head may be placed inside a soft foam donut to maintain its position. Good exten- 
sion of the head will also improve the view. In the patient with a meningomyelocele, 
the neural sack may be placed in a soft, foam donut; a blanket under the torso, and 
placing the head within a foam donut prevent movement. This more elaborate po- 
sitioning results in a similar position to a normal supine infant. 


Intraoperative Concerns 


General 

Heat loss can occur by convection, conduction, radiation and evaporation. Heat 
loss can be prevented by simple measures: increasing the OR temperature, warming IV 
fluids (particularly for large volumes), convection warming blankets, humidification of 
air provided by the ventilator, and heating lamps. It is much easier to prevent heat loss 
than to warm a patient. Hypothermia may lead to increased metabolic rate and changes 
in regional blood flow; which may lead to metabolic acidosis and then increased apnea 
in the neonate or ex-premie. Aseptic precautions must be used when placing intrave- 
nous lines and arterial lines, and giving intravenous medications. Communication is 
vitally important. The anesthesiologist should be aware of the flow of the operative 
procedure, the order of events and potential complications. Specific anesthetic con- 
cerns are summarized in Table 5. Good comminication between the surgeon and anes- 
thesiologist is key to a successful conclusion to the patient’s perioperative care. 


Fluids 


Premature infants and neonates require intravenous fluids containing glucose 
because of their poor metabolic control and low glucose and glycogen stores. Con- 
cerns regarding hyperglycemia and worsening of cerebral injury in these patients are 
outweighed by the very real likelihood of hypoglycemia. Lactated Ringer’s solution 
provides sufficient glucose and maintains a balanced salt solution. 


Monitoring 

1. Routine monitoring includes: pulse oximeter (preductal in a neonate), 
blood pressure (BP) cuff, EKG, end-tidal carbon dioxide (EtCO2) and 
temperature. 

2. Consider an arterial line for a hemodynamically unstable patient, one 
with significant comorbid disease, in patients with frequent intraopera- 
tive BP or heart rate (HR) changes, or if frequent blood draws or hemat- 
ocrit checks will be necessary. 

3. If venous air embolism (VAE) is a potential risk, a precordial doppler 
should be placed in the second intercostal space on the patient's right 
chest wall to detect the characteristic auditory pattern of air in the right 
atrium (see Table 6). 
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Table 6. Management of venous air embolism 








Diagnosis Treatment 
“Mill wheel murmur” on precordial Inform surgeon who floods operative 
doppler field with saline, places bone wax on 


openings in the bone 
Decrease in end-tidal CO, Turn off N,O, which could expand VAE 


Bubbles seen on transesophageal echo Change patient position to head down 





Increase in nitrogen on airway Aspirate central line, if present 
gas monitor 
Hemodynamic instability Resuscitate if unstable, consider arterial line 
Positioning 


Safely positioning a patient is the responsibility of both the surgeon and anes- 
thesiologist. Serious complications can occur if various common sites of com- 
pression are not checked with each procedure.Children with congential defects 
of any kind provide a challenge for safe positioning. Padding pressure points is 
especially important in infants with thin and delicate skin. Of particular impor- 
tance is the unrepaired myelomeningocele lesion. Injury to the superficial and 
exposed position of the neural placode can occur if the lesion is not carefully 
protected by supporting the flanks when the infant is supine during induction. 
At times, with very large lesions, the infant may be intubed in the lateral position 
if necessary. 

When a patient is moved from supine to prone or lateral positions, the head 
must be kept in a neutral position realtive to the body so that no rotation occurs 
along the axis of the cervical spine. Flexion and extension should, of course, be 
avoided. During surgery, the patient’s head may be secured by pin fixation or by 
resting the head on a horseshoe headrest or on a foam support. Regardless of the 
means of immobilization, both the anesthesiologist and surgeon should confirm 
that venous return is not obstructed by extreme flexion or rotation. With horse- 
shoe and foam head supports, great attention should be taken to ensure that no 
pressure whatsoever is transmitted to the eyes. Unrecognized pressure on the globes 
during a procedure can result in blindness. This should be rechecked throughout 
the surgery, since surgical manipulation may result in movement of the patient. 
The endotracheal tube should be checked for its position after a patient has been 
turned. 

With a patient in the lateral position, a soft support must be placed under the 
chest wall near the axilla to prevent a compressive brachial plexus injury. The 
radial pulse in the dependent arm must be checked. In positioning the patient for 
optimal surgical exposure, the patient's head may be higher than the patient’s 
heart. This relative positioning increases the risk of venous air embolism. 
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Managing Raised ICP 

Prior to surgery, ICP can be inferred by a physical examination and preoperative 
imaging studies such as CT and magnetic resonance imaging (MRI) scans. Raised 
ICP secondary to a serious head injury and/or an intracranial mass lesion is often 
associated with increased cerebral blood flow, raised cerebral oxygen utilization, cel- 
lular injury and cytotoxic edema, or any combination of the above. Interventions 
that may reduce increased ICP or improve cerebral perfusion pressure (MAP-ICP) 
include modest hyperventilation, induced systemic hypertension, hyperosmolality, 
and, rarely, barbiturate coma. 

Hyperventilation is straightforward in an anesthetized patient, with the target 
being a pCO, between 30 and 35 mm. Mannitol (0.25-1 g/kg) is the osmotic di- 
uretic of choice. Blood pressure is raised with judicious use of alpha agonists (e.g., 
phenylephrine) to maintain a CPP greater than 70 mm Hg. Phenylephrine may 
cause reflexive bradycardia in response to the increased blood pressure. If bradycar- 
dia persists in the pediatric patient, it can have its own hemodynamic consequences, 
namely hypotension in a patient dependent on increases in heart rate for increases in 
cardiac output. 

With very high ICP, a surgical ventriculostomy can be performed both to moni- 
tor and treat intracranial hypertension. The monitor is transduced, as is any pressure 
line. CSF can be drained which is highly effective in reducing raised ICP. In rare 
circumstances of refractory intracranial hypertension, barbiturates are used to lower 
cerebral metabolic rate. However, the profound effect of barbiturates on cardiac per- 
formance and systemic vascular resistance limit their utility. 


Effects of Anesthetic Agents on ICP 
Anesthetic agents themselves will affect ICP (Table 7). Thiopental (4-7 mg/kg) 


may be used for its beneficial effect in decreasing ICP. However, any barbiturate 


Table 7. Effects of anesthetics on cerebral blood flow (CBF) 














Drugs CBF 
Barbiturates 

Narcotics or<= 
Ketamine tt 
Propofol 

Sevoflurane 

Desflurane 

Isoflurane 

Halothane il 
Enflurane or= 
Nitrous Oxide = 





Adapted from Striker TW. Anesthesia for trauma in the pediatric patient. In: Gregory 
GA, ed. Pediatric Anesthesia. 2nd ed. New York: Churchill Livingstone, 1990, and 
Omoigui S. The Anesthesia Drug Handbook. 2nd ed. St. Louis: Mosby, 1995. 
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should be used cautiously in the hypovolemic patient since its vasodilation and myo- 
cardial depressant properties may result in pronounced hypotension, and, therefore, 
decreased cerebral perfusion pressure. Etomidate (0.2-0.3 mg/kg) also reduces ICP 
but without the reduction in mean arterial pressure seen with thiopental. Propofol is 
another option for induction, and it decreases cerebral blood flow, an advantageous 
feature in this patient population. Ketamine increases cerebral blood flow and hence 
ICP. 

All inhalation agents increase cerebral blood flow, and therefore create a rise in 
ICP. Isoflurane’s effect can be blunted with hyperventilation that is instituted prior 
to the administration of the halogenated agent, hence it is commonly used in the 
administration of a general anesthetic in the neurosurgical patient. Desflurane has a 
rapid emergence and therefore can be advantageous in providing the ability to rap- 
idly assess the neurosurgical patient in the immediate postoperative period. 

Succinylcholine has been reported to produce a rise in ICP secondary to in- 
creased afferent neural traffic from muscle spindle receptors beginnig minute after 
administration, and peaking at 3 minutes. This effect is most noticeable in patients 
with imaging evidence of decreased intracranial compliance. Hyperventilation, both 
voluntary and via mask ventilation, and premedication with nondepolarizing neu- 
romuscular relaxants will blunt the rise in ICP associated with succinylcholine. 
Nondepolarizing muscle relaxants have little effect on ICP. 

Lidocaine (1.5 mg/kg) may also be used to blunt the ICP rise in response to 
laryngoscopy but needs to be given 3 to 4 minutes prior to intubation to be most 
effective. 


Intraoperative Complications 


Venous Air Embolism 

Venous air embolism (VAE) occurs when the patient’s head is higher than the 
heart, and in particular when it is above the right heart filling pressure. Although 
observed in the sitting or semisitting position, this event may occur with any surgi- 
cal procedure. Using a central line to aspirate air during a VAE will only be success- 
ful if the tip of the catheter is located at the junction of the right atrium and superior 
vena cava. Catheters with multiple openings increase the likelihood of aspiration of 
significant quantities of air. 


Postoperative Care 
Extubation can be performed in the OR or ventilation can continue for as long 
required. Factors that determine whether or not extubation is safe include: 
1. Hemodynamic stability of the patient. 
2. Abilty to protect the airway (as assessed by response to commands). This 
may not be sufficient if there are any lower cranial nerve palsies. 
3. Adequate reversal of neuromuscular relaxants. This can be determined by 
measuring the negative inspiratory force (NIF) and tidal volume (TV). 
4. Reversal of neuromuscular blockade. Tested easily by a neuromuscular 
stimulator, or active motor function of the patient. 
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Nn 


Maintaining adequate oxygen saturation. 

Regular respiratory pattern. In cases of persisting raised ICP, the patient 
may need to be sedated, intubated and hyperventilated in an intensive 
care setting. 
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John Ruge and Christopher Neumann 


Arteriovenous Malformations 

The management of arteriovenous malformations (AVM) continues to evolve. 
Multimodality treatment including surgery, endovascular therapy and radiosurgery 
is the current standard of care. 


Epidemiology 

Hemorrhage from an AVM is 4 times more likely to cause an intracerebral or 
intraventricular hematoma than aneurysmal rupture. Although the AVM is the most 
common cause of hemorrhagic stroke in children, most AVMs become symptom- 
atic between 20 to 40 years of age. 


Pathology 

An AVM is a congenital defect in the formation of the capillary network that 
normally intervenes between cerebral arteries and veins. This defect is believed to 
arise between the fourth and eighth embryonic weeks, at a time before arterial walls 
fully develop. Abnormal arteriovenous communications in AVMs low-resistance 
shunts and redirect blood into the venous system, often at high pressurs and flow 
rates. The center of the malformation where the actual arterial to venous communi- 
cations are located is termed the nidus. In larger AVMs, tortuous and dilated vessels 
covered by thickened arachnoid are seen on the surface of the brain. The nearby 
brain tissue is often atrophic and discolored from previous hemorrhage. Most AVMs 
have an inverted wedge shape with the ‘point’ directed towards the ventricle. Venous 
drainage from AVMs can be either superficial or deep. Often several veins lead away 
from the nidus, eventually leading to normal venous channels. Almost all cases when 
examined microscopically demonstrate evidence of prior hemorrhage by the abun- 
dance of hemosiderin-laden macrophages. Thinning of some vessels occurs and can 
result in aneurysmal dilation, but these vessels are usually venous in origin. 


Clinical Features 

AVMs can present in many ways including an atypical chronic headache, 
high-output heart failure in infants and seizures. Intracranial/intraventricular hem- 
orrhage is the most common cause of symptoms experienced by children. More 
children than adults display hemorrhage as a first symptom; 79% of pediatric cases 
present with hemorrhage. In comparison, more adults than children experience is- 
chemic symptoms or seizures. Spontaneous intracranial hemorrhage is heralded by a 
sudden headache and confirmed by the presence of intraventricular or intracerebral 
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hemorrhage on imaging studies. Altered consciousness, meningeal irritation and later- 
alized motor and sensory signs also are typically seen. Epilepsy (presumably arising 
from areas of surrounding gliosis) occurs in 20% to 67% of adult patients with AVM. 


Evaluation 

An initial computed tomography (CT) or magnetic resonance imaging (MRI) 
scan is performed to identify intracranial hemorrhage, cerebral swelling and/or hy- 
drocephalus. Lumbar puncture is rarely necessary unless one is trying to exclude a 
subarachnoid hemorrhage (SAH) with a negative imaging study. MRI also is useful 
in assisting the neurosurgeon in determining the location of the nidus (Chapter 2, 
Fig. 7) with respect to the hematoma. If possible, a magnetic resonance angiogram 
(MRA) performed at the same time allows better resolution of the cerebral vascula- 
ture. The gold standard, however, remains 4-vessel cerebral angiography. Fine reso- 
lution of the cerebral vessels and an appreciation of the dynamic flow within an 
AVM is not possible without this procedure. Embolization of significant feeding 
vessels can be done through an endovascular route. Usually, the timing of this pro- 
cedure is planned in conjunction with a definitive surgical resection. 


Treatment 


Surgical Resection 

Though any intracranial vessel can supply an AVM, 90% of malformations are 
found supratentorially in the middle cerebral artery (MCA) distribution. The opti- 
mal treatment for intracranial AVM is complete surgical excision. Several principles 
guide surgical management. First, feeding and draining vessels run a straight course 
to and from the malformation, becoming coiled within it, and therefore can be fol- 
lowed toward the nidus. Second, AVMs are less likely to bleed spontaneously during 
surgery than aneurysms, and thus can be more easily manipulated. Since AVMs are 
usually wedge-shaped and project toward the ventricle, the ventricular wall should be 
visualized to increase confidence of total resection. Finally, the brain tissue adjacent 
to the AVM is gliotic and provides a plane of dissection. A post-treatment angiogram 
is required to confirm complete obliteration. Anticonvulsants are typically required 
for 6 to 24 months following excision. 


Embolization 

Occasionally used as the sole treatment, but risk of recurrence remains. Best 
utilized as an adjunct to surgery, either to reduce high flow AVMs or to devascularize 
AVMs to reduce surgical risk. 


Radiosurgery 

Although the treatment is associated with minimal risk, there is no change in the 
risk of hemorrhage until the AVM has been completely obliterated. However, the 
process of nidus obliteration following radiosurgery can take up to 2-3 years. Ap- 
proximately 80% of small AVMs will be obliterated 2 years after treatment. This 
modality is most useful for small AVMs in surgically inaccessible areas of the brain, 
or to treat residual portions of the nidus after surgical resection. 
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Table 1. Spetzler system for grading AVMs 











Graded Feature Points Assigned 
Size of AVM 
Small (< 3 cm) 1 
Med (3 — 6 cm) 2 
Large (> 6 cm) 3 
Eloquence of adjacent brain 
Noneloquent 0 
Eloquent 1 
Pattern of venous drainage 
Superficial 0 
Deep 1 
Outcome 


The prognosis for symptomatic AVMs is less favorable for children than adults. 
The higher mortality rate in younger patients is due to the increased incidence of 
hemorrhage. In addition, there is evidence that smaller AVMs have a greater pro- 
pensity for hemorrhage than larger ones. The primary hemorrhage is fatal in 5% 
of cases. Rebleeding occurs in 28% of pediatric AVMs and is associated with a 
poorer prognosis. The mortality rate with rebleeding is 25%, regardless of treat- 
ment method. Postoperative motor, speech and cerebellar deficits can improve 
greatly, and 70% of children with AVMs are expected to be neurologically intact 
after surgery. Spetzler has developed a grading system for AVMs that correlates 
with outcome (Table 1). 


Cavernous Malformations 


Epidemiology 

Accounting for 8% to 16% of all cerebral vascular malformations, cavernous 
malformations are found most commonly in cerebral hemispheres when they occur 
intracranially. Risk factors for cerebral cavernous malformations are not yet known, 
but familial syndromes exist. 


Pathology 

A cavernous malformation is a well circumscribed bluish-purple, unencapsu- 
lated lobular mass with the surrounding brain frequently discolored by previous 
hemorrhage. It is hypothesized that malformation growth results from rupture of 
thin-walled vessels with repeated re-endothelialization of cavities, growth of new 
vessels as part of hematoma organization, and production of additional fibrous scar 
tissue. Hemorrhage is believed to occur in 8% of cases. 


Clinical Features 
Although most adult cases of cavernous malformation are discovered with mini- 
mal or no symptoms, children with cavernous malformations often are symptomatic. 
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Seizure, hemorrhage, or progressive neurological deficit are the typical symptoms 
that lead to detection of cavernous malformation. Most episodes of bleeding are 
minor, and many times may occur undetected. Fatal hemorrhages have been re- 
ported in cases of malformations located in the posterior fossa. Chronic irritation 
from hemosiderin is the likely explanation for associated seizures. Occasionally, a 
cavernous malformation may lead to a progressive neurological deficit, and, thus, 
can mimic symptoms of a neoplasm. Multiple cavernous malformations usually are 
seen in familial disorders in an autosomal dominant distribution. 


Treatment 

Since the risk factors for cavernous malformation are not yet elucidated, no 
standard treatment is described for children with diagnosed cavernous malforma- 
tion. In children who have experienced a bleed, early excision is recommended, 
since the hematoma can help define the lesion and aid in its complete excision. 
The annualized hemorrhage rate following a known event ranges from 1% to 4% 
per year. Therefore, excision for accesible lesions is recommeded. Excision of 
hemosiderin-stained brain should be considered for children who have experi- 
enced a convulsion or have more intractable seizures. Malformations located within 
the brainstem or basal ganglia should be approached cautiously, if at all. 

Small cavernous malformations may be difficult to localize, therefore, stereotac- 
tic CT or MR guidance can be an excellent tool to localize the lesion intraopera- 
tively (Chapter 2, Fig. 8). Intraoperative stereotactic CT or MR guidance can allow 
the neurosurgeon to make a more safe and thoughtful entry through the cortex to 
reach the malformation. Although radiosurgery has been used in some pediatric 
cases, long-term effectiveness is lacking and repeat hemorrhages are known to have 
occurred following radiosurgery treatment. 


Outcome 
Once the malformation has been completely excised, the majority of patients are 
completely relieved of their symptoms. 


Vein of Galen Malformations 


First described in 1895 by Steinheil, the various vein of Galen malformations 
have come to be classified in both clinical and angiographic terms. The majority of 
these rare malformations are high-flow lesions that can lead to serious cardiovascular 
and neurological sequelae. The advent of neuroimaging techniques in conjunction 
with interventional technology have led to higher survival rates and less morbidity 
than conventional treatments of the past. 


Epidemiology 

Vein of Galen malformations are rare vascular anomalies in children, and carry a 
high risk for progressive cardiovascular and central nervous system deterioration. 
About 30% of vein of Galen malformations present in neonates. Knowledge about 
their pathogenesis and pathophysiology is limited. Yasargil classified vein of Galen 
malformations based on angiographic findings, while Lasjaunias relies upon the source 
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Table 2. Two systems of classification for vein of Galen malformations 





System Features 





Yasargil Type I: Simplest malformation with pure cisternal component 
and single or few feeders from pericallosal and posterior 
cerebellar arteries. 

Type Il: Fed by thalmoperforating and posterior cerebellar 
arteries. 

Type Ill: Mixed pattern of supply from pericallosal, 
thalmoperforating and posterior cerebellar arteries. 

Type IV: Parenchymal malformation Type II and Ill lesions are 
more common, have higher flows and more 
contributions. 


Lasjaunias Mural type: Receive blood supply from collicular and 
posterior choroidal vessels. Usually present in infants with 
developmental delay and hydrocephalus. 

Choroidal type: Large number of bilateral feeding vessels 
from choroidal, pericallosal and thalamoperforating arteries. 





of the feeding vessels to classify these lesions (Table 2). Vein of Galen malformations 
also are categorized into the following grades: 
Grade 1: Degree of ectasia of straight sinus is proportional to that of vein of 
Galen—both only minimally enlarged. 
Grade 2: Vein of Galen is more dilated than straight sinus; both structures 
are moderately increased in size. 
Grade 3: Marked dilation of both structures. 
Grade 4: Prominent enlargement of vein of Galen with normal, stenotic, or 
absent straight sinuses. 


Pathology 

The great cerebral vein (of Galen) is the largest of the deep cerebral veins, but 
does not exceed 2 cm in length. It is a short, centrally located structure a few milli- 
meters above the pineal gland and is the collecting vessel for a large group of veins 
coming from the deep, medially located areas of the diencephalon, basal ganglia and 
midbrain. The galenic system drains the medial deep thalamic nuclei, medial oc- 
cipital and temporal lobes, and the superior cerebellar surface. It is formed by the 
joining of the two internal cerebral veins with the basal veins of Rosenthal, extends 
beneath the splenium of the corpus callosum, penetrates the junction of the falx and 
the tentorium, and becomes the straight sinus when joined with the inferior saggital 
sinus. Sacrifice of this structure in humans and animals has been performed without 
untoward consequences. 

The vein of Galen is formed embryonically at the age of 3 months when its 
embryological precursor, the median prosencephalic vein of Markowski, joins with 
internal cerebral veins and basal veins posteriorly to form the vein of Galen. Rem- 
nants of primitive arteriovenous connections that persist in this location are hypoth- 
esized to account for the various malformations. Since the vein of Galen is not 
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attached by dural structures, it can dilate enormously, much more so than the more 
restricted straight sinus. The venous wall becomes thick and tough in response to 
increased flow, pressure and turbulent flow. This is in constrast to arterial vessels, 
whose walls become attenuated in response to the same factors. 


Clinical Features 


Neonates 

Neonates with a vein of Galen malformation can develop progressive and medi- 
cally unresponsive high output cardiac failure. These children show signs of progres- 
sive high output preload heart failure with tachypnea, high jugular venous oxygen 
tension, decreased urine output, hepatosplenomegaly and metabolic acidosis, often 
immediately after birth. Other physical signs include a machine-like pancardiac 
murmur with palpable thrills over neck and chest and a loud cranial bruit of virtu- 
ally constant intensity. Pulmonary hypertension and a right-to-left shunt through a 
patent ductus arteriosus can be present. The high flow/low resistance intracranial 
shunt leads to cardiac and neural ischemia with as much as 80% to 90% of the 
infant's cardiac output passing through the galenic fistula. In utero cardiac ventricu- 
lar enlargement contributes to early cardiac decompensation post delivery. Rapid 
and effective therapy is required, with reduction of the size of the intracranial shunt 
in order to reverse or stabilize the abnormal hemodynamics. 


Infants 

Infants often have mild cardiac enlargement that does not typically require treat- 
ment. They present with an enlarged head circumference, pansystolic intracranial 
bruit, prominent veins around eyes and forehead, and a full fontanelle. Mild hydro- 
cephalus is thought to be secondary to venous hypertension from high flow shunt- 
ing, and not from aqueductal stenosis. 


Older Children 
These children often have deep midline shunts. Typical symptoms include chronic 
headaches, learning disabilities, seizures and, rarely, SAH. 


Imaging 

Transcranial ultrasound is an effective way to diagnose malformations in utero. 
CT with or without contrast demonstrates parenchymal calcifications from 
long-standing ischemia secondary to venous hypertension. MRI is very useful to de- 
lineate the malformation in relationship to normal brain structures. MR angiography 
can define the type of malformation present. Transarterial angiography is the defini- 
tive study required to define the complex vascular anatomy, the major arterial supply, 
and assist with prognosis and planning for the best therapeutic approach (Fig. 1). 


Treatment 

The appropriate approach to treatment of vein of Galen malformations is early 
and accurate diagnosis, as well as early, aggressive stabilization of the cardiovascu- 
lar function. Some lesions are benign in their clinical course, however this is rare. 
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Figure 1. A vein of Galen malformation seen on the axial T-1 weighted MRI image 
(A), and on the cerebral angiogram, lateral projection (B). In the latter image, pos- 
terior is to the left; the vertebral artery can be seen at the bottom of the image 
leading directly to a large dilated venous structure that fills rapidly. 
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Medical therapies in the neonate with high-output cardiac failure are supportive 
and often unsuccessful in stabilizing the patient. In milder forms of the disease, 
medical therapy is important for stabilizing the patient in preparation for definitive 
treatment. Most often these lesions cause progressive neurological defects. In gen- 
eral, early, aggressive treatment is better than conservative care. 

Historically, the primary treatment was direct surgical ligation of the lesion. 
Transvenous and/or transarterial endovascular intervention has been much more 
effective in complete obliteration of these lesions. Today, surgery for vein of Galen 
malformations is reserved for cases that include hydrocephalus and access for 
endovascular therapies. Surgery also is considered for Type I malformations with 
simple feeders for exposure and clipping. Type I, I] and II malformations can be 
treated with interventional procedures. Type IV lesions should be treated as a true 
AVM of the brain parenchyma. 


Outcome 

Survival rates range from 70% to 80% across all types, with a 50% survival 
rate in neonates with heart failure. Combined endovascular/surgical treatments 
have improved outcomes, but morbidity and mortality of this disease remains 
high. Outcome is poor for patients whose initial scans show pronounced hydro- 
cephalus or cerebral atrophy. The single best therapy has yet to be determined, 
and, thus, it is likely that a multimodal approach will yield the best outcomes in 
the future. A subgroup of patients treated for malformations with persistent fis- 
tula seem to do well, but the long-term outlook is not defined. Patients in this 
subgroup might be candidates for stereotactic radiosurgery. 


Moyamoya 


General 

Moyamoya is derived from a Japanese word meaning “haze” or “puff of smoke,” 
which describes the angiographic appearance of this chronic occlusive cerebrovascu- 
lar disease. Moyamoya disease is characterized by the progressive narrowing of one, 
but usually both, of the proximal internal carotid arteries (ICA) and their branches, 
typically at the level of the siphon and extending to the circle of Willis (Chapter 2, 
Fig. 9), with compensatory formation of an anastomotic collateral network of proxi- 
mal penetrating arteries at the base of the brain (moyamoya vessels). 


Epidemiology 

Moyamoya disease occurs mostly among the Japanese; while ethnic Chinese and 
Koreans rank second. Half of all reported cases occur in Japan, where the prevalence 
is 3.16 per 100,000 people. The overall incidence is 0.35 per 100,000 people. In- 
tracranial bleeds are rare in Japanese pediatric cases, are more frequent in Koreans, 
and very frequent in Chinese pediatric patients with moyamoya. The female to male 
ratio is 1:8, and 10% of patients demonstrate a family history of the disease. While 
the age of onset varies, it most frequently occurs in young females. Symptom onset 
peaks at between 10 and 14 years of age. 
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Pathology 

Pathological changes include vessel wall thinning, intimal thickening, dilation 
of arterioles, medial necrosis and discontinuity of the internal elastic membrane of 
some vessels are seen. Although the cause is unknown, moyamoya disease is found 
in association with HLA B51. Beta-fibroblast growth factor (FGF) is implicated in 
the disease process and is abundant in cerebrospinal fluid (CSF). Immunohistochemi- 
cal staining for beta-FGF is pronounced in the meninges. The progression of patho- 
logical changes follows an atypical pattern: 

1. Narrowing of carotid bifurcation followed by appearance of moyamoya 

vessels. 
Moyamoya vessels expand. 
Collaterals develop between external carotid and ophthalmic arteries. 
Occlusive phenomenon involves the posterior communicating artery. 
Cerebral circulation becomes dependent on flow from branches of the 


aoe es ihe 


external carotid artery and posterior circulation. 

Intimal thickening begins at the distal end of the carotids, slowly progressing 
and encroaching on the anterior circle of Willis. The intima is thickened by fibrous 
tissue, and proliferation of elastic fibers is seen within the internal elastic mem- 
brane, causing it to become tortuous. An inflammatory process is absent in the 
vessel wall. Intimal thickening may begin unilaterally, but always becomes bilateral. 
The posterior circulation may become involved as the disease progresses, however, 
the vertebrobasilar system rarely becomes involved. 

Secondary lesions, in the form of collaterals, occur as a response to stenosis and 
decreased blood flow. Two types exist: intracerebral collaterals and collaterals from 
external carotid circulation. In the early phase, intracerebral collaterals are a func- 
tional net-like array of vessels at the base of the brain; pre-existing leptomeningeal 
arteries become dilated on the surface of the brain, giving a hyperemic appearance. 
These vessels receive blood from the posterior circulation. Later, transdural collaterals 
form from the external carotid system and become the primary source of flow. This 
leads to decrease in moyamoya vessels at the brain base. 

The second type of collaterals (external carotid) take longer to develop. The time 
lag before collaterals develop causes episodic ischemia. Consequent decrease in cere- 
bral blood flow gives rise to transient ischemic attacks, usually beginning before age 
10. After collaterals mature, a period of quiescence follows until the second peak , 
which occurs when patients are in their 40s and develop ischemia or intracerebral 
hemorrhage. Abnormal basal collaterals are fed by branches of the ICA in the early 
stage of disease, and are then fed by the posterior cerebral artery in the later stage of 
disease (extend into parietal and temporal lobes). There are two types of aneurysms 
in moyamoya: true saccular, which never disappear on an angiogram; and 
pseudoaneurysm, which may disappear on an follow-up angiogram. These aneu- 
rysms occur with equal frequency. Clipping is complicated if a aneurysm is sur- 
rounded by collaterals. 
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Clinical Features 

Moyamoya disease presents with motor and sensory symptoms of varying sever- 
ity, ranging from transient ischemic attacks to fixed neurological deficits. Ischemia 
occurs most commonly in watershed zones, and resulting motor deficits are easiest 
to notice and most frequent at onset. Posterior watershed ischemia yields visual field 
deficits that most patients do not notice. Attacks can be precipitated by crying or 
fever. It is believed that hyperventilation leads to hypocapnia and further constric- 
tion of cerebral vessels. The side of attack and extremity involved are not always 
fixed. Some patients will present with only headaches and seizures. Headaches often 
occur in the morning with nausea, and respond well to calcium-channel blockers. 
Disease progression is either episodic or fulminant, with the episodic course attrib- 
uted to delay in development of collaterals following vessel occlusion. Ischemia is 
more common in children than adults. Involuntary choreiform movements occur in 
3% to 6% of patients and are not seen in sleep. These movements can be initial and 
recurrent, and are triggered by excitement and crying. SAH is the most common 
symptom leading to diagnosis in adults. 

Electroencephalography (EEG) shows changes during and after hyperventila- 
tion (“rebuild-up phenomenon”). Hyperventilation causes a build-up of 
high-voltage slow waves that disappear when hyperventilation stops; 20 to 60 
seconds later there is a return of high-voltage slow waves. The first wave is attrib- 
uted to vasoconstriction. The second wave is attributed to ischemia, secondary to 
“steal” from moyamoya vessels to the now dilated cortical vessels. MR and con- 
ventional cerebral angiography will demonstrate the haze of moyamoya vessels. A 
baseline IQ test is recommended. 

Associated diseases include neurofibromatosis, sickle cell anemia, Fanconi’s ane- 
mia, Down's syndrome, connective tissue diseases, craniopharyngioma and optic 
glioma. These can occur following CNS infection, such as tuberculosis meningitis 
or leptospirosis, intracranial radiation and renal artery stenosis with hypertension. 


Treatment 
Medical therapy for the disease has not proved effective. Aspirin, however, is 
important for decreasing the number of transient ischemic attacks (TIAs). 


Surgical Procedures 
The general surgical goal is to increase the number of transdural collaterals that 
are already part of the moyamoya process. The procedures include: 

1. Superficial temporal artery to middle cerebral artery bypass to increase 
blood flow to the hemispheres. Not a popular option because the MCA 
needs to be temporarily occluded. 

2. Encephalomyosynangiosis (EMS) where the inner surface of the temporalis 
muscle is laid in apposition to the brain surface. Collateral formation is 
induced by ischemic brain. It is often complicated by transient focal sei- 
zures and chronic subdural hematomas. The procedure is not popular 
because of disfigurement. 
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3. EDAS (encephalo-duro-arteriosynangiosis). The intact superficial tem- 
poral artery with a length of attached galea aponeurotica is placed on a 
dural opening in apposition to the brain. Delayed cerebral angiography 
demonstrates enlargement of the donor vessel, increased transdural col- 
lateral formation, decreased moyamoya vessels and increased MCA blood 
flow. Clinical status and EEG improves, but there is no change in intel- 
lectual functioning. The benefits of this procedure include the absence of 
temporary occlusion of MCA, and the ability to plan craniotomy to avoid 
disruption of the existing collaterals. Anesthesiologists should be made 
aware that a hyperventilating patient can constrict already maximally di- 
lated vessels and worsen neurological deficits. 


Outcome 
Preoperative factors that lead to good postoperative IQ following EDAS: 
1. TIAs with no hypodense lesions on CT or fixed neurological deficits. 
Onset age >2 years. 
EDAS done ages 4-14 years. 
Preoperative IQ >70. 
EDAS done within 6 years of onset. 


Oy SBS Oe tS 


Suzuki stage < stage V. 

The prognosis, related to age at onset of symptoms, is poor if under the patient 
is under 6 years of age. Angiographically, prognosis is related to the extent of the 
occlusive process. Bilateral strokes occurring at a young age invariably lead to devel- 
opmental delay. Most intracerebral hemorrhages are intracerebral or intraventricu- 
lar in location. 


Pediatric Cerebral Aneurysms 

Rupture of saccular cerebral aneurysms is the most common cause of atraumatic 
SAH in children. Aneurysms are localized, abnormal dilations of blood vessels, usu- 
ally arising from arteries. True aneurysms involve all vessel-wall layers, which are 
thinned but generally complete. The blood within true aneurysms participates in 
the general circulation. Atherosclerotic, syphilitic and congenital aneurysms are con- 
sidered true aneurysms. A false aneurysm, or pseudoaneurysm, is an extravascular 
hematoma in communication with the intravascular space that has been confined 
by adventitia or “walled off” by fibrous tissue, a process often incorporating the 
entire circumference of the vessel. False aneurysms are commonly found at leaks 
from the junction of a synthetic graft with a natural artery, as well as in moyamoya 
disease. 

It is believed that aneurysms result from congenital or genetic predisposition in 
conjunction with acquired factors such as hypertension, diabetes and cigarette smok- 
ing. Acquired factors are typically absent in children, which suggests that the patho- 
physiology is different than in adults. In addition, pediatric aneurysms differ from 
adult aneurysms in location, size and clinical presentation, thus making the pediat- 
ric aneurysm a unique entity for the neurosurgeon with respect to surgical consider- 
ations and overall outcome. 
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Epidemiology 

Incidence 

Although presumed to be congenital in origin, aneurysms are infrequently 
encountered in the pediatric population. Only 12% of all aneurysms occur in 
children. Most occur after 10 years of age, with 80% of patients presenting in the 
second decade of life. The age of presentation for aneurysm is bimodally distrib- 
uted, with peaks occurring at birth to age 6 and then again at 8 years of age through 
adolescence. Pediatric aneurysms occur more often in males, with a male to fe- 
male ratio of 1.3:1. Under 5 years of age, the male to female ratio rises to 4. In 
contrast, the gender predilection is opposite in the adult population, where the 
female to male ratio is 1.6:1. 


Other Features 

Both adult and pediatric aneurysms typically occur at bifurcation points in the 
cerebral vasculature, but the vessels involved differ significantly. Pediatric aneurysms 
most frequently occur in the middle cerebral or vertebrobasilar arteries, with 
vertebrobasilar circulation aneurysms most often seen during the ages of birth through 
age 2. Posterior circulation aneurysms are 3 times more common in the pediatric 
population. Aneurysms in the MCA distribution tend to occur at more peripheral 
sites in children than in adults. These distal lesions are associated with an increased 
incidence of intracranial hematoma. Thirty percent occur at the ICA bifurcation, 
however these aneurysms commonly present during adolescence. 

Multiple aneurysms are uncommon in children, occurring only in 4% to 5% of 
patients. Multiple aneurysms in children more often are encountered with other 
conditions, such as moyamoya disease, AVM, fibromuscular dysplasia, sickle cell 
disease and previous cranial irradiation. Saccular aneurysms diameters greater than 
25 mm in diameter are considered giant aneurysms and constitute a larger propor- 
tion of aneurysms seen in children as compared to adults. Giant aneurysms can 
present with symptoms of a space-occupying lesion. Thirty percent of aneurysms in 
those under 5 years of age are giant, and are 6 times more likely to be located in the 
posterior circulation as compared to adults. Again, gender predilection is opposite 
than that observed in adults: 60% of adult giant aneurysms occur in females, whereas 
62% of pediatric giant aneurysms occur in males. 


Pathology 


Pathogenesis 

The pathogenesis of idiopathic saccular aneurysms is controversial. Aneurysms 
arise from sites containing defects of the muscularis layer and the internal elastic 
membrane of the tunica media. It is believed that medial defects are usually con- 
genital. Unsupported elastic tissue from a vessel has been shown to withstand pres- 
sures up to 600 mm Hg, thus making the notion of elastic elements herniating 
through congenital defects of the muscularis unlikely. In addition, medial defects 
are commonly observed in coronary and mesenteric vessels, sites where aneurysms 
are exceedingly rare. Of note is that intracranial vessels have only one elastic lamina, 
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Table 3. Diseases associated with aneurysmal formation 





Aortic coarctation 
Arteriovenous malformation 
Polycystic kidney disease 
Tuberous sclerosis 
Fibromuscular dysplasia 
Ehlers-Danlos syndrome 
Marfan’s syndrome 





a relatively thin tunica media, and receive relatively little structural support from 
adjacent tissue. The vasa vasorum is absent in the smaller vessels. 

It is believed that most aneurysm arise at sites where a congenital defect of the 
muscularis is present along with injury to the internal elastic membrane. In adults, 
atheromatous change and hypertension are acquired factors that contribute to aneu- 
rysm formation. In children, hypertension and atheromatous changes are rarely 
observed. Hypertension, however, can coexist in diseases such as aortic coarctation 
and polycystic kidney disease, which are associated with intracranial aneurysms (Table 
3). Finally, aneurysm formation can complicate closed-head injury. Traumatic aneu- 
rysms have disrupted wall layers, except for the adventitia, and occur in typical 
locations such as the anterior cerebral artery adjacent to the falx, the MCA along the 
sphenoid ridge, and the posterior cerebellar artery along the tentorium. 


Mycotic Aneurysms 
Mycotic aneurysms are more appropriately termed “infectious aneurysms,” since 
most are caused by bacterial rather than fungal infections. Infectious aneurysms most 
commonly occur due to septic emboli, such as in bacterial endocarditis. The course of 
aneurysmal formation is alarmingly short; hemorrhage can occur within two days of 
the embolic event. The most commonly encountered organisms in pediatric intracra- 
nial infectious aneurysms are at-Streptococcus, Staphylococcus, Pseudomonas and 
Haemophilus species. Infectious aneurysms are classified into three primary forms: 
1. Embolization from bacterial endocarditis (most common). 
2. Direct extension from site of infection such as meningitis, sinusitis or 
osteomyelitis. 
3. Idiopathic infectious aneurysm diagnosed by histology with no other in- 
flammatory lesion identified. 


Clinical Features 

In both children and adults, SAH is the most common initial presentation and 
presents with a typical clinical picture: a sudden onset of a severe headache, asso- 
ciated with vomiting, irritability and seizures. The patient’s level of consciousness 
often deteriorates with a rapid progression to coma or death. Other features in- 
clude retinal hemorrhage, a bulging fontanelle, hydrocephalus, extremity paresis, 
cranial nerve palsies and fever. Ten to 15 percent of children have a less severe 
initial headache, termed a sentinel bleed, prior to the presenting symptoms. Focal 
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neurological signs due to mass effect from the expanding aneurysm can be tran- 
sient and are often missed in children. 

Symptoms from mass effect are more often due to intracranial hypertension fol- 
lowing aneurysm rupture. One-third of children with intracerebral aneurysms have 
signs of intracranial hypertension, as a result of either aneurysm size or hydroceph- 
alus. Hypertensive symptoms include nausea, vomiting, lethargy, papilledema, a bulg- 
ing fontanelle and focal neurological signs such as third- and sixth-nerve palsies. 


Evaluation 


Asymptomatic Children 

Asymptomatic children with high-risk factors should have a screening MRA or 
cerebral angiography. Risk factors in this population include: 

1. Strong family history of aneurysm (2 or more family members known to 

have intracranial aneurysm) 
Aortic coarctation 
Polycystic kidney disease 
Fibromuscular dysplasia 
Ehlers-Danlos syndrome 


Yr es 


Symptomatic Children 

A noncontrast CT scan or MRI should be performed to evaluate for subarach- 
noid blood. These tests are most sensitive if performed within 5 days of hemor- 
thage. CT also is useful to evaluate for hydrocephalus, cerebral swelling and 
intraparenchymal hematoma. Lumbar puncture (LP) should be done only ifthe CT 
scan does not reveal SAH. Raised IPC from a mass lesion such as intracranial he- 
matoma or hydrocephalus is a contraindication for an LP. If a CT scan, MRI scan, 
or CSF analysis demonstrate evidence of a SAH, a standard, 4-vessel cerebral angio- 
gram should be obtained. Although there is some controversy regarding the utility 
of repeat angiography in cases where the initial study is negative, a complete angio- 
gram with both intracranial and extracranial vessels visualized usually does not need 
to be repeated. A treatment outline is listed in Table 4. 


Surgical Treatment of Aneurysmal SAH 

Timing of Surgery 

The risk of rebleeding is highest in the first 24 hours after initial hemorrhage. 
For this reason, surgical treatment should be scheduled without delay. In very ill 
children (high grade), surgery may need to be postponed 7 to 14 days to allow their 
condition to stabilize. The risk of rebleeding is probably less in a child than an adult, 
although accurate statistical data are not available. 


Surgical Techniques 
Direct surgical clipping of the aneurysm neck is the first choice of treatment for 
most patients. Other standard techniques utilized include: 
1. Trapping. Occluding the parent vessel above and below the aneurysm; 
usually only possible if collateral flow is present above the aneurysm. 
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Table 4. General treatment protocol for patients with subarachnoid 
or intracerebral hemorrhage 





Maintain normotension — Strictly avoid hypertension 
and normovolemia Monitor volume status carefully (arterial catheter, CVP 
line and/or Swan-Ganz catheter) 


Seizure prophylaxis Antiepileptic agents, phenytoin and phenobarbital are 
most commonly used 


Raised ICP Ventriculostomy if there are signs of hydrocephalus 
Avoid valsalva by utilizing cough suppressants, stool 
softeners, restful environment and antiemetics 


Vasospasm (for Nimodipine to reduce risk of vasospasm, although 
aneurysmal SAH) benefits of nimodipine in pediatric population is unclear 
Electrolytes Hyponatremia may occur due to SIADH (normovolemia) 


or cerebral salt wasting (hypovolemia); electrolytes and 
osmolality should be followed 





2. Wrapping. A small amount of gauze is wrapped around the aneurysm 
causing an inflammatory reaction that is expected to isolate the sac. 

3. Aneurysmectomy. For giant aneurysms, where a large sac has to be re- 
moved and the neck secured with a clip or suture. 

4, Extracranial-intracranial bypass. Used when an aneurysm can only be 
trapped and distal flow must be reconstituted using a vessel or synthetic 
bypass. 

5. Endovascular management is the treatment of choice for many posterior 
circulation aneurysms and those with an advantageous configuration else- 
where. 





Outcome 

The mortality rate for intracranial aneurysm after the first SAH ranges from 
11% to 20% in children, compared to 20% to 30% in adults. Rates for rebleeding 
also are lower in children, ranging from 7% to 13%, while in adults the rate of 
rebleeding is approximately 20%. In children, the mortality rate following rebleeding 
is 25%. 


alles Readings 

Albright AL, Pollack IF, Adelson PD, eds. Principles and Practice of Pediatric Neu- 
rosurgery. New York: Thieme, 1999. 

2. Barrow DL ed. Intracranial vascular malformations. In: Neurosurgical Topics. Park 
Ridge: American Association of Neurological Surgeons, 1990 

3. | Hamilton MG, Herman JM, Khazata MH. Aneurysms of the vein of galen. In: 
Neurological Surgery. Philadelphia: WB Saunders, 1996. 

4. Raimondi AJ, Choux M, DiRocco CD, eds. Cerebrovascular Diseases in Chil- 
dren. New York: Springer Verlag, 1991. 





Neurosurgical Infections 


Ronda Oram 


Cerebrospinal Fluid Infections 

Cerebrospinal fluid (CSF) shunting has been used for the treatment of hydro- 
cephalus for over 40 years. Drainage of CSF into the peritoneal cavity via a 
ventriculoperitoneal (VP) shunt is the system used most frequently. 

Infection of CSF shunts is an important cause of morbidity. Although reported 
shunt infection rates range from 2% to 30%, the infection rate at most high volume 
institutions does not exceed 5%. Risk factors associated with the development of 
CSF shunt infection include shunts placed for hydrocephalus secondary to intra- 
ventricular hemorrhage, replacement of an extraventricular drain (EVD) placed for 
prior infection, patient age younger than 4 months and the experience of the sur- 
geon. EVD catheters are used for short-term monitoring of intracranial pressure or 
drainage of CSF, and the rate of infection approaches 11%. The exposed exit site of 
the catheter serves as the portal of entry, and the risk of infection increases with in- 
creased duration of catheter use. 


Etiology 

Coagulase-negative staphylococci and Staphylococcus aureus cause about 75% of 
shunt infections. Coagulase-negative staphylococci produce a mucoid substance that 
facilitates adherence of the bacteria to the shunt apparatus and protects the organ- 
isms from host-defense factors and antimicrobial therapy. Gram-negative bacilli cause 
20% of shunt infections. The remainder of infections is caused by a variety of or- 
ganisms, including Micrococcus species, Streptococcus species, fungi (usually Can- 
dida species) and anaerobes such as Propionibacterium acnes. 

Contamination of the apparatus at the time of surgical placement is the most 
common mechanism by which shunts become infected. Only 20% of infections 
due to skin flora are caused by an organism present before surgery, suggesting that 
the hospital environment may also provide a potential reservoir of microorganisms. 

Shunt infections are also caused by retrograde infection originating at the distal 
end of the shunt. The abdomen is the usual source, and infection can occur by 
several mechanisms. Peritonitis resulting from penetration of the bowel by the distal 
end of the catheter or arising spontaneously may cause a secondary ascending infec- 
tion of the shunt. Less commonly, infection follows transient bacteremia with sec- 
ondary seeding of the shunt apparatus, or organisms gain direct access from overlying 
skin or wound tissue that has become infected. 
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Clinical Features 

Approximately 80% of shunt infections occur within 3 months of shunt place- 
ment or revision. Patients may present with shunt malfunction and associated symp- 
toms such as headache, vomiting, irritability and lethargy. Fever and meningeal signs 
may not be present. Patients with abdominal signs often appear acutely ill upon 
presentation, and are more likely to have gastrointestinal involvement and infection 
caused by a Gram-negative organism. Coagulase-negative staphylococci infection 
may also present with signs of acute abdominal infection, although a subacute pre- 
sentation with nonspecific symptoms is more common. 


Management 

Diagnosis is made by culture and Gram-stain of ventricular CSE. Evaluation of 
CSF for protein and glucose is also helpful. Ventricular CSF typically has a pleocy- 
tosis of several hundred white blood cells per ul, increased CSF protein and a nor- 
mal CSF glucose concentration. Abdominal ultrasound or computed tomography 
(CT) is indicated if abdominal signs are present. 

Treatment of a shunt infection consists of a combination of antimicrobial therapy 
and surgery. Because the success rate of antibiotic therapy alone is low, a combined 
medical and surgical approach is required. This includes antimicrobial therapy and 
externalization of the distal end of the shunt (for an isolated abdominal infection) or 
removal of the shunt apparatus with placement of a temporary EVD until steriliza- 
tion of the CSF is documented. This latter approach results in cure of 96% of treated 
patients. Eradication of infection is less likely when any component of the infected 
apparatus is left in place or if the shunt is replaced immediately before the CSF has 
sterilized. Complications from the infection such as relapse once antibiotics are dis- 
continued are less likely if the entire shunt apparatus is removed early in the course 
of treatment. Ifan abdominal pseudocyst is present, drainage is usually not required. 
Removal of the shunt and antibiotic therapy is sufficient in most cases to result in 
disappearance of the fluid collection. Exploratory laparotomy is usually only neces- 
sary when an acute abdominal infection is present. 

Initial empiric antimicrobial therapy consists of an antistaphylococcal antibi- 
otic, such as nafcillin or vancomycin. The initial Gram-stain smear of the CSF should 
be used to determine if additional antibiotics are necessary. A third-generation cepha- 
losporin and an aminoglycoside are added if abdominal symptoms are present or the 
Gram-stain smear of the CSF shows Gram-negative bacilli. Once the antimicrobial 
susceptibilities of the organism are known, empiric therapy is adjusted to target the 
causative organism(s). Vancomycin is often indicated for the treatment of 
coagulase-negative staphylococci infections because of high rates of resistance to 
multiple antibiotics. Rifampin has been used for treatment of S. aureus or 
coagulase-negative staphylococcal infection that persists following shunt removal 
and optimal antibiotic therapy. 

The use of intrathecal antibiotics in the treatment of CSF shunt infections is 
controversial. Many antibiotics, including vancomycin, have poor CSF penetration 
when given parenterally, even in the presence of inflamed meninges. Therefore, 
direct installation of the antibiotic into the meninges has been used to improve 











228 Pediatric Neurosurgery 





delivery. However, the pharmacokinetics of intraventricular antibiotics are not well 
studied, and the potential exists for neurotoxicity and chemical ventriculitis. Use of 
intraventricular antibiotics should be reserved for infections that have failed stan- 
dard treatment. 

Frequent CSF cultures are used to monitor response to therapy. If the shunt was 
left in place and cultures remain positive after several days, removal of the shunt 
with EVD placement should be considered. The duration of antibiotic therapy is 
usually 10 to 14 days following sterilization. Several factors, such as the infecting 
organism, time to sterilization and presence of distal complications, should be con- 
sidered when determining length of therapy. A new shunt can be placed once the 
CSF is sterile, but there are no data as to the optimal timing of shunt replacement. 


Focal Infections of the Central Nervous System 
Brain Abscess 
Etiology 


Brain abscess is a focal infection of the brain parenchyma and is an uncommon 
pediatric infection. Predisposing conditions and infecting organisms differ according 
to the age of the patient (Table 1). In neonates, a brain abscess may occur as a sequela 
of Gram-negative or group B streptococcal meningitis. Seventy-five percent of cases 
of meningitis in neonates due to Citrobacter diversus have been associated with brain 
abscesses. In the school-aged child the peak incidence occurs in children ages 4 to 7 
years old. In adolescence, brain abscesses occur as complications of sinusitis. 

Bacteria may reach the brain parenchyma as a result of hematogenous spread 
from a remote site. However, bacteremia rarely results in a brain abscess because of 
the impermeable capillary-endothelial tight junctions of the blood-brain barrier. In 
children, hematogenous seeding of the brain occurs secondary to cyanotic heart 
disease with a hemodynamically significant left-to-right shunt. Tetralogy of Fallot 
and transposition of the great vessels have been associated with the greatest risk for 
subsequent brain abscess formation. Pyogenic lung infection, bronchiectasis, acute 
endocarditis with septic embolization, dental abscess and abdominal abscess repre- 
sent less common potential sources for hematogenous spread. 

Spread from a contiguous site of infection is another potential mechanism of 
brain abscess formation. In children, the middle ear and sinuses are the most com- 
mon sites of the primary infection. Spread of infection to the brain occurs through 


Table 1. Brain abscess formation in children according to age group 








Age Group Predisposing Condition Location 

Neonates meningitis multiple abscesses 

School age chronic otitis media temporal lobe 
mastoiditis cerebellum 
congenital heart disease multiple abscesses 


Adolescence sinusitis frontal lobe 
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necrotic bone that is also infected, or via the valveless veins that drain the sinuses 
and middle ear and connect with the intracranial venous system. Less commonly, 
brain abscesses occur following neurosurgery, head trauma, or as a consequence of 
focal infections of the eye, face or scalp. 


Clinical Features 

The clinical presentation of a patient with a brain abscess depends on the loca- 
tion of the lesion and predisposing factors. Symptoms can be insidious until the 
abscess enlarges and increases intracranial pressure. Headache, fever and vomiting 
are the most common presenting clinical manifestations. Neurological abnormali- 
ties, such as focal signs, seizures and mental status changes, are present in less than 
half of pediatric patients. 


Management 

Computed tomography (CT) with contrast and magnetic resonance imaging (MRI) 
with intravenous gadolinium have improved the diagnosis of brain abscess and facili- 
tated exact localization for surgical drainage. Early in the disease, CT may be normal 
or demonstrate nonspecific cerebral edema. A mature abscess appears as a 
well-demarcated, annular lesion with a hypodense center and a surrounding ring of 
enhancement. Cerebral edema also appears hypodense on CT and may surround the 
abscess. CT is not specific for brain abscess and does not distinguish it from tumor, 
granuloma, or infarct. MRI is the preferred imaging modality because it provides 
greater definition of the abscess components, distinguishes pyogenic material from 
CSE, and may detect small lesions not visualized on CT (Chapter 2, Fig. 10). Lumbar 
puncture is contraindicated until intracranial pressure is evaluated by CT or MRI. 

Management includes surgical drainage of the abscess and antibiotic therapy. Pa- 
tients who are clinically stable, have lesions less than 3 mm in diameter, and have 
been ill for less than 2 weeks duration may be considered for medical management. 
Additionally, patients with multiple abscesses or lesions not easily drained by surgery 
may be considered for a prolonged course of antibiotics without surgical drainage. 

Surgical drainage is beneficial for treating increased intracranial pressure and for 
obtaining abscess specimens for Gram-stain, aerobic and anaerobic culture, and spe- 
cial stains and cultures as dictated by the clinical situation. Culture of pus from the 
abscess yields a pathogen in three-quarters of cases; in contrast, CSF culture is nega- 
tive more than 90% of the time. 

Empiric antibiotic therapy is directed against the likely organisms causing the 
primary infection (Table 2). In a large series of pediatric brain abscesses, S. aureus 
was the most common pathogen and was isolated from 26% of bacterial isolates 
from 86 infants and children. Streptococci, Gram-negative aerobic bacilli, and anaer- 
obes comprise the remainder of the pathogens isolated in this series. Thirty percent 
of abscesses are polymicrobial, therefore empiric regimens consist of several parenteral 
antibiotics. If a pathogen is isolated, antimicrobial therapy is changed accordingly. 
Intravenous therapy is continued for 6 to 8 weeks, but clinical response and evi- 
dence of radiographic improvement on serial imaging studies dictate length of therapy. 

The use of corticosteroids is controversial because the decrease of central ner- 
vous system (CNS) inflammation as a result of steroid therapy may also act to 
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Table 2. Empiric antibiotic therapy for focal intracranial infection according 
to predisposing condition 





Condition 


Likely Organisms 


Empiric Regimen 





Meningitis 


Cyanotic congenital 
heart disease 


Sinusitis 


Otitis media 


Post-traumatic 


Post-neurosurgical 


Endocarditis 


Immunocompromised 
host 


Unknown 


Neonates: group B 
streptococcus, E. coli, Listeria 
monocytogenes 


Infants and children: S. 
pneumoniae, Neisseria 
meningitidis, H. influenzae 


Microaerophilic streptococci, 
Haemophilus spp 


S. aureus, anaerobes, 
streptococci, 
Enterobacteriaceae 


S. aureus, anaerobes, 
streptococci, 
Enterobacteriaceae 


S. aureus, streptococci, 
Enterobacteriaceae 


S. aureus, coagulase negative 
staphylococci 


S. aureus, streptococci 


S. aureus, streptococci, 
Enterobacteriaceae, unusual 
organisms (fungi, Toxoplasma 
gondii, Nocardia spp) 


Ampicillin + gentamicin 
or cefotaxime 


Vancomycin + ceftriaxone 
or cefotaxime 


Ceftriaxone or cefotaxime 
+metronidazole 


Nafcillin? + ceftriaxone or 
cefotaxime? + 
metronidazole 


Nafcillin? + ceftriaxone or 
cefotaxime? + 
metronidazole 


Nafcillin? + ceftriaxone or 
cefotaxime 


Vancomycin + ceftriaxone 
or cefotaxime 


Nafcillin? + gentamicin 


Nafcillin? + ceftriaxone or 
cefotaxime’ + 
metronidazole + 
amphotericin 


Nafcillin? +ceftriaxone or 
cefotaxime+ 
metronidazole 





* Substitute vancomycin if rate of methicillin-resistant S. aureus is high. 

> Consider substitution of ceftazidime for Pseudomonas aeruginosa in chronic 
sinusitis or otitis media. 

© Consider substitution of ceftazidime for Pseudomonas aeruginosa 





reduce antibiotic penetration of the meninges. Steroids are not recommended rou- 
tinely, and should be reserved for the treatment of life-threatening cerebral edema 
that may accompany brain abscesses. 

Brain abscesses in an immunocompromised host deserve special consideration. 
The inflammatory response to the infection is often diminished, and presentation 
may be indolent. CT or MRI are less likely to have the typical appearance of a 
ring-enhancing lesion. Unusual organisms, such as Nocardia species, fungi such as 
Candida species and Aspergillus species, and Toxoplasma gondii (particularly in pa- 
tients infected with HIV), should be considered. Thus, surgical aspiration or biopsy 
of infected material is critical in making a definitive diagnosis and initiating appro- 
priate therapy. 
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Subdural Empyema 
Etiology 


A subdural empyema occurs when pus forms between the dura and arachnoid 
matter. In infants, this infection occurs as a complication of bacterial meningitis. 
Paranasal sinusitis is a common predisposing condition in older children and ado- 
lescents. The typical patient is a male teen or young adult with frontal sinusitis. Less 
common sources of infection include otitis media, mastoiditis, complications of 
neurosurgery or head trauma, and metastatic bacteremia from a distant focus. 

Subdural empyema secondary to sinusitis develops when microorganisms enter 
the dural venous system through mucosal veins of the infected sinus. 
Meningitis-associated subdural empyema occurs when the organism seeds a sterile 
subdural effusion. Infection originating in the middle ear spreads through diseased 
bone or between sutures in the bone. Seventy-five percent of patients with subdural 
empyema will have involvement of both cerebral hemispheres. 


Clinical Features 

Subdural empyema in infants will result in a prolonged fever, bulging fontanelle, 
lethargy, increasing head circumference and vomiting during the course of antibi- 
otic treatment for meningitis. Older children and adolescents may appear to have a 
toxic infection, with fever, headache, focal neurologic signs and meningismus fol- 
lowing nonspecific symptoms of sinusitis or ear infection. Signs of increased intrac- 
ranial pressure (vomiting, mental status changes) may also be present. 


Management 

Neuroimaging by CT or MRI is used for diagnosis, but MRI with gadolinium is 
superior for localization and differentiation of fluid (e.g., blood, pus, or sterile effu- 
sion). Subdural empyema appears as a hypodense collection that displaces the dura 
and arachnoid. A shift of the midline may also be present. The imaging study should 
be examined to determine the primary source of infection, such as sinusitis, as well. 

The management of subdural empyema is surgical drainage by burr hole or open 
craniotomy and intravenous antibiotics. Subdural taps can be performed in infants 
with an open anterior fontanelle. Repeat imaging by CT or MRI may identify re- 
maining areas of undrained, loculated, or reaccumulated pus and multiple drainage 
procedures may be required. 

Culture of operative fluid yields the infecting organism 90% of the time; CSF and 
blood cultures are rarely positive. Empiric antibiotics are dependent on the underlying 
condition giving rise to the empyema (Table 2). Infection arising from sinus disease 
often is polymicrobial. When the predisposing condition is meningitis, the same or- 
ganism causes both infections. Streptococcus pneumoniae is the most common organ- 
ism that causes meningitis and subsequent subdural empyema in children beyond the 
neonatal period. H. influenzae meningitis is rarely seen in children in most industrial 
countries because of widespread use of an effective conjugate vaccine. N. meningitidis 
meningitis has rarely been associated with the development of subdural empyema. 

Sinus-associated subdural empyema is associated with a high rate of complica- 
tions, such as simultaneous second site of infection (brain abscess, septic venous 
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Table 3. Clinical features associated with septic thrombosis of the dural 








venous sinuses 
Predisposing Clinical Microbiology 
Location Symptoms Signs Presentation 
Cavernous Superficial facial infection Acute presentation S. aureus 
sinus Paranasal sinusitis: Eye complaints: Streptococci 
sphenoid ptosis, proptosis, Anaerobes 
Dental infection periorbital edema, 
papilledema 
Cranial nerve (CN) 
III-VI palsy 
Indolent presentation 
CN VI palsy 
Subacute presentation 
Lateral sinus Acute or chronic otitis Temporal or occipital Streptococci 
media headache Gram-negative 
Mastoiditis Nausea, vomiting, bacilli 
vertigo S. aureus 
Abnormal ear exam — Anaerobes 
Unilateral CN V, VI 
palsy 
Superior Meningitis Acute presentation S. pneumoniae 
sagittal Paranasal sinusitis: Headache, nausea, S. aureus 
sinus ethmoid, maxillary vomiting, seizure Streptococci 


Obstruction of CSF Anaerobes 
resorption: increased 
intracranial pressure 





thrombosis, or epidural abscess), and reaccumulation of infection following drain- 
age. A secondary source of infection should be considered if a patient does not 
respond to therapy or deteriorates during the course of treatment. 


Septic Thrombosis of the Dural Venous Sinuses 

Septic thrombosis is a consequence of extension of infection to an intracranial 
dural sinus. The primary infection spreads along emissary veins or via osteomyelitic 
bone to the adjacent dural sinus. Septic thrombosis most often involves the cavern- 
ous sinus, lateral sinus, or the superior sagittal sinus and the clinical features vary 
according to the site of involvement (Table 3). 

MRI reveals increased signal in the area of the involvement and defines the 
intraparenchymal anatomy. Because the air sinuses, middle ear and mastoids are 
often the primary site of infection in pediatric patients, these locations should be 
included in the imaging study. MRI with angiography (MRA) is the diagnostic 
procedure of choice, and demonstrates decreased or absent blood flow in the af- 
fected sinus or vessel. CT is superior to MRI for defining bone disease, but will not 
detect thrombosis or decreased flow. 

CSF abnormalities vary. Over 90% of patients with cavernous sinus thrombosis 
have an abnormal CSF profile that is consistent with meningitis or a parameningeal 
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focus (pleocytosis, normal glucose, elevated protein and sterile culture). Seventy-five 
percent of patients with lateral venous thrombosis have an elevated opening pressure. 

Empiric antibiotics are directed toward the likely organisms causing the under- 
lying infection (Table 2). Surgical drainage of the source or associated abscesses may 
be required. Anticoagulation therapy with heparin is generally accepted as adjunc- 
tive therapy for cavernous sinus and lateral sinus thrombosis. 


Epidural Abscess 
Cranial Epidural Abscess 


Epidural abscess is a focal collection of pus outside the dura matter in the cranial 
or spinal epidural space. Cranial epidural abscess can be a complication of sinusitis, 
otitis media, mastoiditis, or head trauma, and is rare in children younger than 12 
years of age. When the abscess develops secondary to frontal sinusitis and surround- 
ing osteomyelitis, the infection is called Pott’s puffy tumor. The dura adheres tightly 
to the skull. Purulent material collects slowly in the epidural space so symptoms often 
develop over weeks to months. When the abscess reaches sufficient size, increased 
intracranial pressure may develop. Clinical presentation commonly includes fever, 
headache, nausea, vomiting, change in mental status, or focal neurological signs. 

MRI is the imaging procedure of choice. Management consists of a combination 
of neurosurgical drainage and prolonged antibiotic therapy. Empiric antibiotic therapy 
is guided by the underlying predisposing condition, as with the other focal intracra- 
nial infections (Table 2). 


Spinal Epidural Abscess 


Epidural abscess occurs more frequently in the spine than the cranium, and is 
caused by hematogenous spread from a distant site of infection or contiguous spread 
following penetrating back trauma or vertebral osteomyelitis. In children, the lum- 
bar and cervical spine are the most common sites of involvement. 

Clinical presentation may include fever, back pain, headache and meningismus. 
As the infection progresses, nerve root and spinal cord compression develops with 
focal motor and sensory deficits specific to the involved spinal cord level. Further 
progression leads to total paralysis. 

MRI with gadolinium is the preferred imaging modality for diagnosis and iden- 
tifies abnormalities in the bone (vertebral osteomyelitis) and intramedullary spinal 
cord lesions as well as the abscess. Myelography may also be used for diagnosis if 
MRI is not available. 

Management consists of immediate surgical drainage of the abscess by laminec- 
tomy or CT-guided aspiration. The abscess fluid should be sent for Gram-stain and 
culture. S. aureus is the most frequently isolated pathogen, so an antistaphylococcal 
penicillin, such as nafcillin, is appropriate empiric therapy. In penicillin-allergic pa- 
tients, or in institutions with a high rate of infection with methicillin-resistant S. 
aureus, vancomycin is indicated. Antimicrobial therapy is changed according to the 
susceptibility of the isolated pathogen and continued parenterally for 3 to 4 weeks. 
When vertebral osteomyelitis accompanies the epidural abscess, 6 to 8 weeks of 
intravenous antibiotics is recommended. 
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Vertebral Osteomyelitis 
Etiology 


Involvement of the vertebral bodies occurs in 1% to 2% of children with osteomy- 
elitis. Bacteria reach the vertebral body via hematogenous seeding but a source is sel- 
dom identified. S. aureus is isolated in about 65% of cases of pediatric vertebral 
osteomyelitis, followed by Salmonella species (particularly in patients with hemoglo- 
binopathies). Other Gram-negative bacilli, such as £. coli and Psuedomonas aeruginosa, 
are rarely seen in children. Blood cultures are positive in 30% to 50% of cases. 
CT-guided vertebral biopsy for culture is indicated if the blood cultures are negative. 


Clinical Features 

Clinical presentation varies. Infants less than 3 months of age may appear septic 
whereas older children have an indolent presentation and nonspecific symptoms. 
About 50% will present with fever and localizing pain in the back or chest. About 
20% of patients have a preceding history of back trauma. Neurological deficits are 
present in about 20% of patients at the time of presentation. 


Management 

Plain films of the spine may be normal if taken early in the course of disease, or 
may demonstrate erosion of the bone or disc space collapse if the infection has pro- 
gressed. MRI is highly sensitive and specific and demonstrates increased signal in the 
disc space and adjacent vertebral bodies, and neural compression by bone or soft tis- 
sue. CT is superior to MRI for the demonstration of the extent of bony involvement. 

Most children without neurological deficits respond to medical management 
alone. Surgery is indicated for patients with spinal cord compression, worsening 
symptoms despite optimal medical management, associated paraspinous abscess, or 
necrotic bone. Empiric antibiotic therapy consists of nafcillin or vancomycin (re- 
served for use in patients with penicillin allergy or hospitals with a high-rate of 
methicillin-resistant S. aureus). Antibiotics are continued for 6 to 8 weeks, with 
intravenous therapy for at least 4 weeks. 

It may be difficult to differentiate discitis, which refers to disc space inflamma- 
tion involving the intervertebral discs and the end plates of the vertebral bodies, 
from vertebral osteomyelitis. Both conditions have a gradual onset with localized 
back pain as a presenting symptom. However, compared to patients with osteomy- 
elitis, those with discitis appear well, are afebrile or have low grade fever, and re- 
spond to bed rest or immobilization. Blood cultures are rarely positive. However, 
antibiotic therapy is indicated ifa pathogen (usually S. aureus) is isolated from blood 
culture. If blood cultures are sterile but the patient does not respond to bed rest or 
clinically worsens, empiric treatment with nafcillin is recommended. 


Post-Traumatic Meningitis 


Etiology 
Disruption of the dural barrier secondary to trauma creates an entryway for 
organisms into the CNS and increases the risk of meningitis by 10 to 20 fold. Dural 


Neurosurgical Infections 235 





tears are likely to occur in association with fractures of the base of the cranium and 
the thin bone of the roof of the paranasal sinuses. 

Meningitis develops acutely in the first week following trauma or several years 
following the primary event. Clinical presentation may include fever, headache, sei- 
zure, or a change in mental status. CSF rhinorrhea or otorrhea may be present. In 
the acute setting, fever, seizure and altered mental status may be present already as a 
result of the trauma, so a high index of suspicion should be maintained. 


Management 

Diagnosis is made by high-resolution CT or MRI. Thin coronal cuts or intrath- 
ecal contrast may be necessary to identify the defect. Plain radiography is insensitive 
for diagnosis unless a large defect is present. The presence of glucose or B-transferrin 
in otorrhea or rhinorrhea confirms the presence of a CSF leak. 

CSF should be obtained for gram stain and culture. S. pneumoniae is isolated 
in 50% of cases. Organisms that normally reside in the upper respiratory tract, 
such as H. influenzae, N. meningititis and streptococci, cause the remainder of 
cases. S. aureus and Gram-negative bacilli rarely cause post-traumatic meningitis 
except in patients with prolonged hospitalization or penetrating wounds. 

Treatment consists of antibiotic therapy and repair of the dural tear. Empiric 
antibiotics are directed against pneumococcus and consist of ceftriaxone and vanco- 
mycin. Ceftriaxone or high-dose penicillin should not be used alone because of 
intermediate and high-level resistance of S. pneumonia to beta-lactam antibiotics. 
Vancomycin is given at high doses (15mg/kg/dose every 6 hours) to maximize CNS 
penetration. For late-onset disease, nafcillin plus ceftriaxone or ceftazidime are given 
empirically to target S. aureus and Gram-negative bacilli. Vancomycin should be 
used in place of nafcillin in patients with severe beta-lactam allergy, or when infec- 
tion with methicillin-resistant staphylococci is likely. The antibiotic regimen is al- 
tered according to the susceptibility profile once the pathogen is known. 

Prophylactic antibiotics have been used following basilar skull fracture because 
25% of patients with this fracture develop meningitis. However, the efficacy of pro- 
phylaxis in this setting is unproven, and exposure to antibiotics may alter normal 
flora and increase the likelihood of developing colonization or infection with resis- 
tant organisms. Therefore, prophylactic antibiotics are not recommended, but pa- 
tients with basilar skull fractures should be diligently monitored for signs of infection. 
Empiric antibiotics are initiated if meningitis is suspected. 


Recurrent Nontraumatic Meningitis 

Recurrent meningitis is defined as two or more episodes of culture-proven meningi- 
tis separated by a period of complete resolution. The same pathogen or different patho- 
gens can cause the infections. In contrast, relapse or recrudescence of infection refers to 
persistence of the initial infection, and each episode is caused by the same organism. 

An underlying condition is identified in most patients. In the pediatric age 
group, 75% of patients will have an unrecognized congenital CNS fistula. Mal- 
formations of the middle ear, basiethmoidal or cribiform plate defects, or a der- 
mal sinus tract connecting the skin with the lumbar or occipital spine are the most 
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common predisposing conditions. About 10% of patients with recurrent menin- 
gitis will have an immune defect identified, particularly an immunoglobulin or 
complement deficiency. In adults, previous trauma is commonly the cause of the 
fistulous tract. 

The bacterial etiology and treatment of nontraumatic recurrent meningitis are 
identical to that of early post-traumatic meningitis. Patients with a dermal sinus 
tract are more likely to develop meningitis with S. aureus or coliform Gram-negative 
bacilli such as E. coli. 


Surgical Site Infections 

Infections following neurosurgical procedures are uncommon and result from 
bacterial seeding at the time of the operation. The risk for infection is at least par- 
tially dependent on the potential for perioperative contamination of the wound 
(Table 4). Additional risk factors in adult patients include a CSF leak, subsequent 
operation following the primary procedure, emergency surgery, concurrent infec- 
tion at a distant site, and an operative time of longer than 4 hours. 

An infected surgical wound is erythematous, painful, swollen and does not heal. 
Sutures should be removed and any purulent drainage should be cultured. S. aureus 
is isolated from 50% to 60% of wound infections. Less commonly, coagulase nega- 
tive staphylococci, Streptococci species and members of the family Enterobacteri- 
aceae cause wound infections. No organism is identified in one-quarter of patients. 

Bone flap infection occurs in up to 5% of craniotomies with free bone flap 
placement, making this one of the most common neurosurgical procedures com- 
plicated by infection. Because devitalized tissue impedes antimicrobial penetration 


Table 4. Incidence of surgical site infection in neurosurgery patients according 
to surgical category* 








Incidence of 
Surgical Surgical Site 
Category Definition Example Infection (%) 
Clean No known risk Elective surgery, ideal 2.6 
for infection conditions 
Clean with Foreign body left VPS insertion 6.0 
foreign body in situ 
Clean Risk of contamination Surgical entry via 6.8 
contaminated during surgery paranasal air 
sinuses 
Contaminated Contamination known Scalp laceration at the 9.7 
to have occurred surgical site 
Dirty Established infection Drainage of brain 9:1 
at the time of the abscess 
operation 





* Modified from Narotam PK et al. Operative sepsis in neurosurgery: A method of 
classifying surgical cases. Neurosurgery 1994; 34:409-416. 
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and resolution of infection, debridement of infected bone is recommended. S. aureus 
and coagulase-negative staphylococci are the most frequent pathogens cultured from 
infected bone flaps. 

Meningitis-ventriculitis, brain abscess and subdural empyema are rare following 
neurosurgery. Postoperative meningitis is difficult to diagnose because some patients 
develop an aseptic or chemical meningitis following craniotomy that mimics bacte- 
rial meningitis. In addition, CSF findings in aseptic and bacterial meningitis over- 
lap, and 70% of patients with culture proven meningitis have a negative initial CSF 
Gram-stain. 

The choice of empiric antibiotics depends on the site of infection and the pri- 
mary procedure. If the sinuses were entered during the operation, anaerobic cover- 
age is indicated. Gram-negative coverage is included when the surgery transversed 
the abdomen. Nafcillin is appropriate for wound infections, but vancomycin is rec- 
ommended as initial empiric therapy for bone flap infections because a high propor- 
tion of coagulase-negative staphylococci are resistant to methicillin. 

Consensus is lacking regarding indications for use of prophylactic antibiotics in 
neurosurgery. Most studies of all surgical procedures demonstrate a benefit from 
using a single dose of preoperative antibiotics. No evidence exists to support the use 
of routine postoperative antibiotics. 

Currently prophylactic antibiotics are used for dirty procedures, procedures that 
transverse the nasopharyngeal mucosa, procedures using prosthetic material (VPS 
insertion) and craniotomy. Because patients with established infection at the time of 
the procedure are receiving pathogen-directed therapy, prophylaxis is not necessary. 

The choice of antibiotics is influenced by the susceptibility pattern of the most 
common pathogen causing infection. A first generation cephalosporin is often used 
because of good activity against methicillin-susceptible staphylococci. Vancomycin 
is used in penicillin-allergic patients, and in hospitals where a large proportion of 
infections are caused by methicillin-resistant staphylococci. A single dose of antibi- 
otic given immediately prior to the start of the surgery provides adequate tissue 
levels that are sustained throughout the duration of the operation. A dose of cepha- 
losporin should be repeated for procedures that extend beyond 4 hours to maintain 
systemic levels. Because of a longer serum half-life, an additional intraoperative dose 
of vancomycin is not necessary until 6 hours. There are no data demonstrating that 
continuation of prophylaxis into the postoperative period reduces the rate of surgi- 
cal site infection. Thus, 1 or 2 doses of antibiotics are sufficient for most procedures, 
and dosing beyond the perioperative period is not recommended. 


Suggested Readings 
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2. Long SS, Pickering LK, Prober CG, eds. Principles and practice of pediatric infec- 
tious diseases. 2nd ed. New York: Churchill Livingstone, 2003. 
3. Yogev R, Bar-Meir M. Management of brain abscesses in children. Pediatr Infect 
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Bedside Procedures 


Bakhtiar Yamini and Nalin Gupta 


Introduction 

The physical diversity of the pediatric population is significantly greater than 
that encountered in a typical adult practice. Bedside procedures are often perfomed 
in children ranging from premature neonates to mature adolescents. These proce- 
dures are not only done in emergency situations, but also in elective settings. In 
most medical centers, a section of the neonatal intensive care unit (ICU) can be 
transformed into a virtual operating room, allowing many invasive procedures to be 
performed under sterile conditions. 

In most instances bedside procedures are used to gain access to the cerebrospinal 
fluid (CSF) spaces for diversion, chemical analysis or pressure monitoring. As a 
general rule, coagulopathies and other bleeding dyscrasias are a contraindication to 
performing these bedside procedures. As will be discussed later, some procedures 
have a slightly lower propensity to cause hemorrhage and may be preferred. 


Lumbar Puncture 

At 2 months postfertilization the spinal cord and canal are approximately the 
same length. Between 9 and 18 weeks, the canal grows rapidly longitudinally and by 
midgestation, the conus medullaris is at the level of the L4 vertebral body. Growth 
then slows so that by birth the tip of the conus is at the L3 vertebral body level. Over 
the next 2 months the spinal cord comes to rest at its adult level, which ranges from 
the T12-L1 disc space to the L1-2 disc space. 


Indications 
1. Chemical and/or bacteriological analysis of CSE 
2. Evaluation and treatment of increased intracranial pressure (ICP) in com- 
municating hydrocephalus. 
3. Diagnosis and treatment of pseudotumor cerebri. 


Contraindications 

1. Intracranial mass lesion. 

2. Suspected noncommunicating hydrocephalus. 

3. Recently ruptured aneurysm. Care must be taken to prevent a large drop 
in ICP, as this increases the transmural pressure across the aneurysm in- 
creasing the risk of rupture. 

4, Complete spinal CSF block. There have been reports of patient deterio- 


ration following a lumbar puncture (LP). 
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Procedure 

In the neonate, the interspace between the L4-5 spinous processes is used as the 
entry point for the puncture. In older children the L3-4 space can also be used. The 
rostral/caudal extent of the L4-5 interspace can be approximated by using a transverse 
plane intersecting the superior edge of the iliac crests. The patient is positioned in either 
the lateral position, with the hips and knees flexed, or in the upright position; the latter 
is often preferred in neonates. In both cases the lower back is maintained in a position 
of flexion in order to maximally spread the posterior elements of the vertebral column. 

After a thorough antiseptic prep, local anesthetic is infiltrated at the point of 
entry both superficially and in the deeper tissues. A 22 gauge spinal needle is then 
advanced slowly through the skin in a slightly rostral direction between the two 
spinous processes. The stylet is always left in place while advancing the needle to 
prevent carrying epidermal components into the deeper tissue. If bony structures 
are encountered, the needle should be withdrawn and redirected. It is often possible 
to feel the passage of the needle through the different tissue planes. Once a trajec- 
tory is chosen, it should not be modified en route. The needle should be withdrawn 
into the subcutaneous tissues and then redirected. 

Once the dura is punctured and spinal fluid seen, it is crucial to measure the 
opening pressure with a manometer prior to decompressing the spinal subarachnoid 
space. If the patient is upright or the head elevated they must be placed horizontal 
for an accurate reading. Children are usually minimally sedated and if agitated, a 
falsely high pressure reading will be obtained. Often it may be necessary to wait with 
the needle in place until the patient is quiet. It is convention to send four tubes of 
CSF are for analysis. The first and fourth tubes are used for cell count and the 
second and third tubes for culture, protein and glucose. 

In patients with communicating hydrocephalus or pseudotumor cerebri who 
require high volume taps, the ICP can be measured intermittently and enough fluid 
removed to normalize the pressure. 


Complications 

1. Failure to obtain CSE Usually this is due to an improper trajectory. The 
most common problem is directing the needle too far laterally so that the 
needle either strikes the facet joints or tangentially passes next to the the- 
cal sac. It is crucial to ensure that the needle is directed perfectly towards 
the midline. If the patient is on his or her side, use an assistant to tell you 
from the foot of the bed that the needle is perpendicular to the spine. 

2. Low pressure headache. This is a common complication following LP. 
This is much less common in children under 13 years old. 

3. Cerebral herniation in the presence of a cerebral mass. The presence of 
normal optic discs does not ensure that LP can be performed without 
risk. Herniation has also been reported in children with meningitis who 
undergo LP with normal computed tomography (CT) scans. 

4, Infection. Bacterial meningitis can occur if adequate sterile technique is 
not used, if there is a persistent CSF leak or if the tap is performed through 
an area of cellulitis. 
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5. Nerve root irritation. The passage of the needle into a nerve root can 
cause a transient shock-like pain; it has been reported in about 13% of 
adults undergoing the procedure. 

6. Subdural hemorrhage. Rare in children unless there is significant cerebral 
atrophy. 

7. Spinal hemorrhage. These include epidural hematomas and subarachnoid 
hemorrhages. These are usually associated with coagulation disorders. 


Ventricular Tap 

The percutaneous ventricular tap is almost exclusively performed in infants since 
it requires an open fontanelle (in adults a transorbital ventricular puncture has been 
described). The anterior fontanelle does not close completely until the middle of the 
third year of life. This procedure can only be performed safely if the width of the 
fontanelle is sufficient to avoid the superior sagittal sinus. Practically, this means a 
ventricular tap is not a feasible option after about the ninth month of life. 


Indications 
1. Emergency drainage of CSF from the lateral ventricles. 
2. CSF for diagnosis in a patient with spina bifida. 
3. An alternative to LP for the drainage of communicating hydrocephalus. 
This is usually in the setting of posthemorrhage hydrocephalus when lum- 
bar punctures are no longer successful. 


Procedure 

The intracranial compartment is entered at the junction of the coronal suture and 
the anterior fontanelle in the lateral corner of the fontanelle. (Fig. 1 shows the entry 
point using a burr hole, but the lateral corner of the fontanelle is usually immediately 
posterior to Kocher’s point.) This point avoids the superior sagittal sinus and is directly 
over the lateral ventricle. The right side is preferred unless a hematoma or pathological 
lesion is located on that side. The scalp is shaved, prepped and draped in a sterile 
fashion. A 20-gauge, 2-inch angiocatheter is used to pierce the skin and a trajectory 
perpendicular to the skin is taken. The catheter is passed about 1 to 2 cm until CSF is 
seen in the hub of the needle. This is then withdrawn leaving the catheter in place in 
the lateral ventricle. Once again the CSF pressure is measured and fluid is removed for 
analysis. In a neonate, the ICP may not be sufficient to overcome the resistance through 
the catheter. Gentle, negative pressure with a syringe or lowering a piece of extension 
tubing below the level of the head will facilitate drainage. 


Complications 

1. Hemorrhage. Passing the needle through the brain may cause a subdural, 
intracerebral, or intraventricular hemorrhage. Usually these are self-limit- 
ing. In the event of large a intraventricular hemorrhage, an external drain 
may be necessary. 

2. Infection. Always possible with percutaneous procedures. Increased risk 
in premature infants or neonates. 

3. Porencephaly. Multiple taps may result in an area of brain loss that may 
communicate with the ventricle. 
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Figure 1. The entry point 

for a frontal entry point to 

ee the lateral ventricle is dem- 

onstrated. (Reprinted by 

permission, Cheek WR, 

ed, Pediatric Neurosur- 

gery. 3rd ed. Saunders, 
1994). 














4. CSF leak. The overlying skin is often thin and if a large needle is used there 
may be sufficient pressure to force the CSF through the tissues. In order to 
avoid this one can stagger the puncture points of the skin and dura. This is 
done by pulling the skin slightly posteriorly when puncturing it and then 
letting it relax back over the fontanelle to pierce the dura. Sometimes a 
small diameter (5-O or 6-O) suture is required to close the entry point. 


Subdural Tap 
This is a similar procedure to the ventricular tap discussed above and once again 
relies on an open fontanelle. 


Indications 
Subdural hygroma or chronic hematoma over a cerebral convexity. 


Contraindications 
1. Acute hematoma. Solid clot is virtually impossible to remove through a 
small needle. 
2. Coagulopathy. 


Procedure 

The point of entry is ipsilateral to the fluid collection and, as with the ventricu- 
lar tap, is in the lateral corner of the anterior fontanelle. A 20-gauge angiocatheter is 
used. Occasionally, after puncture, fluid may continue to ooze from the site. One 
should stagger the puncture points of the skin and dura as described above. Bilateral 
taps are necessary for bilateral collections. 
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Ventriculostomy 

Ventriculostomy, like a ventricular tap, allows direct access to the ventricular sys- 
tem. It allows CSF to be drained for a longer period of time without the need for 
multiple punctures and is the ‘gold standard’ for measuring ICP when coupled to a 
fluid-filled manometer or transducer. At some institutions all emergency ventriculos- 
tomies are performed at the bedside in the Pediatric ICU. Our preferred hardware is 
a long (35 cm) catheter with a disposable trocar that allows rapid tunneling for some 
distance from the entry site. In an emergency, if a commercial ventricular catheter is 
unavailable, a small, red, rubber catheter with a K-wire as a sylet can be used. 


Indications 

1. Raised ICP. Situations requiring continuous ICP monitoring and drain- 
age (i.e., severe head injury, obstructive hydrocephalus from a brain tu- 
mor, postoperative drainage when the ventricular system is entered). 

2. Hydrocephalus. As a temporizing measure until resolution of pathology 
or shunt placement. 

3. Shunt infection. Used to drain CSF for pressure reasons and also diagnos- 
tic purposes when a shunt infection is present. 


Procedure in a Neonate 

The right side is preferred. The scalp is shaved, prepped, draped and local anes- 
thetic is infiltrated. The entry point for the catheter is the same as for a ventricular 
tap. A 1.5 cm curvilinear incision is made over the lateral aspect of the anterior 
fontanelle. This places the suture line away from the catheter. In addition, the inci- 
sion should be planned for the eventuality of a VP shunt, if the right frontal area is 
needed. Care should be taken not to puncture the dura at this point. The scalp flap 
is then gently retracted laterally with a small retractor to tamponade bleeding. The 
dura in the corner of the fontanelle is dissected off the inner surface of the skull and 
a small opening is made using either a #11 blade or a hand-held cautery device set 
on low current. A 35-cm catheter and stylet are then inserted perpendicular to the 
surface of the brain and passed approximately 2 to 3 cm into the brain, or until CSF 
is seen. In infants, the ICP may not be sufficient to allow the CSF to exit from the 
top of the cathter. It should be lowered to allow gravity to assist flow. The stylet is 
then removed and once the ICP has been measured, the catheter is tunneled later- 
ally and brought through the skin as far from the insertion point as possible. Care 
must be taken to hold the catheter while tunneling in order to prevent accidental 
removal. Nonabsorbable sutures (4-0) are used to secure the catheter to the skin 
while an absorbable suture is used to close the incision. 


Procedure in an Older Child 


Once the cranial sutures fuse and the anterior fontanelle closes, the landmarks 
chosen for the placement of the ventriculostomy are the same as in an adult (Fig. 1). 
The right (non-dominant) side is chosen and the site of the burr hole is usually 
placed 2 to 3 cm lateral to midline and 1cm anterior to the coronal suture (Kocher’s 
point). This point avoids the sagittal sinus and the motor strip. Several other pos- 
sible insertion sites can be used (Fig. 2). 
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The right frontal quadrant of the scalp is shaved, prepped and draped. A 2 cm 
incision is made and a burr hole is drilled with a 0.5 cm bit. (Either a standard burr 
hole can be made or a smaller one with bits available in many commercial kits that 
are available). The dura is incised with a #11 blade and a flexible venticular catheter 
is passed into the lateral ventricle using the ipsilateral medial canthus and external 
auditory meatus (EAM) as landmarks in the coronal and saggital planes, respec- 
tively. The catheter should be inserted 5-7 cm and the stylet removed once CSF is 
obtained. If there is some difficulty cannulating the ventricle, the trajectory can be 
altered to cannulate the contralateral ventricle by aiming towards the contralateral 
medial canthus. The catheter is tunneled laterally under the galea, as with the neo- 
nate, and connected to a fluid filled manometer. 

Occasionally it is necessary to use an occipital burr hole for ventriculostomy 
placement. The technique involved is the same except that the landmarks are changed. 
In the neonate, the entry point is usually along the lambdoid suture 2 cm lateral to 
the midline. In older children a classic Frasier burr hole is placed 3 cm lateral to the 
midline and 5 to 6 cm rostral to the inion. The catheter is directed towards the 
middle of the forehead and passed approximately 7 to 8 cm. 


Troubleshooting 

1. Inability to obtain CSF. The distance entered should be checked. The 
catheter can be advanced but not more than 7 cm from a coronal entry 
point (no more than 5 cm in an infant). Advancing more than this risks 
injury to deeper structures. If unsuccessful, the catheter should be with- 
drawn, the landmarks rechecked, and a new trajectory chosen. Gener- 
ally, the ventricle is missed either laterally or anteriorly. No more than 3 
attempts should be made. If unsuccessful, either another entry point 
should be chosen, or techniques such as ultrasound, or CT guidance 
should be considered. If the ICP is low, the end of the tubing should be 
dropped below the level of the head to promote drainage. Gentle aspi- 
ration with a syringe is sometimes necessary to clear an airlock or debris 
from the catheter. 

2. Bloody CSE Usually this is not a major problem. CSF drainage usually 
clears rapidly. For visually apparent bloody CSF, irrigation with warm 
saline can be done until the CSF begins to clear. If brisk or arterial in 
nature, the catheter should be left in place and an urgent CT should be 
obtained. 


Troubleshooting a Ventricular Drain and ICP Monitor 


Failure to Drain 
1. Check that all stopcocks are open and check for leaks in the system. Re- 
move any trapped air. 
2. Check that the air filter on the drainage bag is not clogged or wet; this 
will cause a build-up of pressure in the system. 
3. Lower the drainage bag below the level of the external auditory meatus. If 
the system is patent, it will drain even if the ICP is close to 0. 
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Figure 2. Various land- 
marks for entering the 
ventricular system. (Re- 
printed by permission, 
Wilkins, Rengachary, 
eds. Neurosurgery. 
McGraw Hill, 1985.) 
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4. Slit ventricles or intracranial debris in the catheter will dampen or elimi- 
nate the pressure wave. Flush the catheter with 1cc of preservative free 
saline to dislodge debris. 

5. The catheter may have become dislodged. Obtain a CT scan to evaluate 
placement and withdraw tubing if necessary. 


Error in ICP Reading 
1. Rezero the system. 
2. Cross check the pressure reading on the monitor with the pressure indi- 
cated by the fluid-filled manometer. 
3. Check for air in the system- this will tend to dampen the ICP waveform, 
although it should not alter the mean ICP. 
4. Obtain a CT scan to rule out catheter dislodgment or other error. 


Infection 

Infection is the primary complication with ventriculostomies. In studies per- 
formed on patients, the average infection rate has varied from 0% to 27%. No 
correlation has been found in prospective studies between the risk of infection and 
the use of prophylactic antibiotics, or with performing the procedure outside an 
operating-room setting. Factors correlated with an increased risk of infection are: 

1. Intraventricular hemorrhage. 

2. Catheterization for longer than 5 days. Some series report no correlation 
between the duration of monitoring and infection, although it is prob- 
ably safest to remove the catheter at the earliest possible time. 

3. Increased ICP above 20 mm Hg. 

4. Tunneling the tubing further from the insertion point has been noted by 
some to decrease the risk of infection. 


Intraparenchymal Pressure Monitor 

The primary disadvantage of the intraparenchymal monitor is that one can not 
drain fluid as with the ventriculostomy. In addition, there have been reports of drift 
in the baseline reading over a period of days. The transducer for these systems is at 
the tip of the wire and can be zeroed only prior to insertion. Kinking of the cable 
and dislocation of the screw have also been reported in several cases. 

This type of monitor theoretically has less risk of hemorrhage than a ventriculos- 
tomy, as the ependymal lining of the ventricle is not disrupted. Also, it can continue 
to monitor pressure even when the ventricles are collapsed. 


Indications 
ICP monitoring when the ventricle can not be cannulated with a catheter or 
possibly when there is an increased risk of hemorrhage caused by coagulopathy. 


Procedure 

The standard coronal twist drill hole is used and the dura is pierced with a #11 
blade. A bolt, which has self-tapping threads, is then screwed into the skull until it is 
secure. A pediatric version can be used in smaller children. The fiberoptic cable is 
then coupled to the monitor and the system is zeroed while the tip is held in the air. 
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The wire is then passed through the bolt until it sticks into the brain parenchyma 
about 1 cm. The incision is closed securely around the bolt. If the ICP drifts or the 
fiberoptic system is damaged, then the entire system must be removed and changed. 


Ventricular Access Device 

The placement of a ventricular access device (VAD) is not an emergency proce- 
dure and in older children and adults this is performed in the operating room. How- 
ever, for neonates, and especially premature neonates, these devices can be easily 
implanted at the bedside, avoiding unnecessary patient movement. They are ac- 
cessed very easily and, as they are entirely subcutaneous, have less risk of infection 
than the ventriculostomy. 


Indications 

Used almost exclusively in neonates following intraventricular hemorrhage as a 
temporizing measure until the child is large enough to receive a permanent VP 
shunt. 


Procedure 

The device is placed in the lateral corner of the anterior fontanelle and this re- 
gion is prepped and draped in a sterile fashion. For this procedure, a ‘cut- down’ tray 
from the operating room is very helpful. 

A curvilinear incision is made and the scalp flap is retracted laterally, as with a 
ventriculostomy. A small subgaleal pocket is fashioned over the parietal bone just 
posterior and lateral to the incision. The dura in the corner of the fontanelle is 
dissected free of the inner surface of the skull and a small opening is made with a 
hand held cautery or #11 scalpel. The VAD, which has been flushed with saline, is 
then inserted into the pocket with the flat side towards the skull, and the small 
catheter is slipped through the durotomy into the lateral ventricle aiming perpen- 
dicular to the brain surface. A 25-gauge needle on a syringe is used to access the 
reservoir and ensure flow of CSF. The wound is closed with absorbable skin sutures. 


CSF Shunt Externalization 


Indication 
Infected and functioning shunt. 


Procedure 

This is an urgent procedure which is performed at the bedside. Although the 
shunt is infected, it is a sterile procedure as most often the infection is in the CSF. In 
shunts that have been newly placed, externalization can be very easy. However, shunts 
that have been in place for over 6 weeks require a significant amount of dissection to 
remove as they have become scarred in place. 

Externalization is usually performed at a point where the shunt is fairly superfi- 
cial and palpable, e.g., at the clavicle or over a rib. Sterile technique is used and local 
anesthetic is infiltrated in the region (more anesthetic will be required if the catheter 
is scarred in). A l-cm incision is made either parallel to the tubing or perpendicu- 
larly across the tubing. Care must be taken not to cut the shunt. The catheter is then 
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separated from the underlying scar tissue using sharp and blunt dissection. Cautery, 
when available, makes the dissection very easy with minimal risk of catheter injury. 
The shunt tract and tubing should be frequently palpated to ensure that the dissec- 
tion is in the correct direction. 

Once the catheter is isolated, the distal tubing is pulled out and connected to a 
collecting bag. The incision can then be partially closed with 1 or 2 interrupted 
sutures next to the exiting catheter and the collecting bag placed at the bedside. 


Ventricular Shunt Tap 

This is one of the most frequently performed procedures in neurosurgery, how- 
ever there is a potential risk of infecting the shunt system or damaging the hard- 
ware if not performed properly. As noted in the chapter on hydrocephalus, there 
are many different types of shunts available, each with a different site at which a 
tap can be performed. A plain X-ray film 2 of the skull in 2planes can often help 
determine which type of shunt is being used. Most modern shunts have an inte- 
gral reservoir that can be accessed percutaneously, although some shunts do not 
have such a reservoir. 


Indication 
1. Suspected shunt malfunction or infection. 
2. Measurement of ICP in a patient with a VP shunt. 


Procedure 

Once the site for the tap has been identified, the scalp over the region is shaved 
and prepped. We typically use a 23-gauge butterfly needle to percutaneously access 
the reservoir and connect it to a manometer to measure the opening pressure. The 
needle should enter the reservoir at an angle to increase the likelihood of entering 
the reservoir. Once the needle passes the dome of the reservoir, there is usually a 
‘give,’ or loss of resistance. The needle tip should not be pushed too far because it 
can become obstructed in the far wall of the reservoir. If free flow of fluid is not 
observed, then a 3-cc syringe is used to draw back CSF. A proximal occlusion is 
suspected if there is still no flow of CSE In cases where infection is of concern, CSF 
is removed and sent for culture, cell count and protein and glucose analysis. 
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